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Green function techniques
in the treatment of quantum transport
at the molecular scale

D. A. Ryndyk, R. Gutiérrez, B. Song, and G. Cuniberti

Abstract The theoretical investigation of charge (and spin) transport at
nanometer length scales requires the use of advanced and powerful tech-
niques able to deal with the dynamical properties of the relevant physical
systems, to explicitly include out-of-equilibrium situations typical for elec-
trical/heat transport as well as to take into account interaction effects in a
systematic way. Equilibrium Green function techniques and their extension
to non-equilibrium situations via the Keldysh formalism build one of the
pillars of current state-of-the-art approaches to quantum transport which
have been implemented in both model Hamiltonian formulations and first-
principle methodologies. We offer a tutorial overview of the applications of
Green functions to deal with some fundamental aspects of charge transport
at the nanoscale, mainly focusing on applications to model Hamiltonian for-
mulations.
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1 Introduction

The natural limitations that are expected to arise by the further miniaturiza-
tion attempts of semiconductor-based electronic devices have led in the past
two decades to the emergence of the new field of molecular electronics, where
electronic functions are going to be performed at the single-molecule level, see
recent overview in Refs. [IL 21 [3] [4, [5 [6]. The original conception which lies
at the bottom of this fascinating field can be traced back to the paper by Ari
Aviram and Mark Ratner in 1974 [7], where a single-molecule rectifying diode
was proposed. Obviously, one of the core issues at stake in molecular elec-
tronics is to clarify the question whether single molecules (or more complex
molecular aggregates) can support an electric current. To achieve this goal,
extremely refined experimental techniques are required in order to probe the
response of such a nano-object to external fields. The meanwhile paradigmatic
situation is that of a single molecule contacted by two metallic electrodes be-
tween which a bias voltage is applied. Enormous progress has been achieved
in the experimental realization of such nano-devices, we only mention the
development of controllable single-molecule junctions [§]-[22] and scanning
tunneling microscopy based techniques [23]-[44]. With their help, a plethora
of interesting phenomena like rectification [I§], negative differential conduc-

tance [9] [35], Coulomb blockade [23] 10} [IT], 15} 16l 21], Kondo effect [T11 12],
vibrational effects [10, 25] 13} 14} 16} BTl [32], 33] 35, 36l 21], and nanoscale
memory effects [34, [39] [40, 42, 44], among others, have been demonstrated.
Apart from single molecules, carbon nanotubes have also found extensive ap-
plications and have been the target of experimental and theoretical studies
over the last years, see Ref. [45] for a very recent review. The expectations
to realize electronics at the molecular scale also reached into the domain of
bio-molecular systems, thus opening new perspectives for the field due to the
specific self-recognition and self-assembling properties of biomolecules. For
instance, DNA oligomers have been already used as templates in molecular
electronic circuits [46] 47, [48]. Much less clear is, however, if bio-molecules,
and more specifically short DNA oligomers could also act as wiring systems.
Their electrical response properties are much harder to disclose and there
is still much controversy about the factors that determine charge migration
through such systems [49] 50, 511 (2] 53] [54].

The theoretical treatment of transport at the nanoscale requires the
combined use of different techniques [55]-[101] which range from minimal
model Hamiltonians, passing through semi-empirical methods up to full first-
principle methodologies. Model Hamiltonians can in a straightforward way se-
lect, out of the many variables that can control charge migration those which
are thought to be the most relevant ones for a specific molecule-electrode
set-up. They contain, however, in a sometimes not well-controlled way, many
free parameters; hence, they can point at generic effects, but they must be
complemented with other methodologies able to yield microscopic specific in-
formation. Semi-empirical methods can deal with rather large systems due to
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the use of special subsets of electronic states to construct molecular Hamil-
tonians as well as to the approximate treatment of interactions, but often
have the drawback of not being transferable. Ab initio approaches, finally,
can deal in a very precise manner with the electronic and atomic structure of
the different constituents of a molecular junction (metallic electrodes, molec-
ular wire, the interface) but it is not apriori evident that they can also be
applied to strong non-equilibrium situations (density-functional-theory is a
ground state theory and e.g. the transmission calculated using static DFT
eigenvalues will display peaks at the Kohn-Sham excitation energies, which
in general do not coincide with the true excitation energies). Extensions to
include excited states as in time-dependent density-functional theory, though
very promising, are not fully developed up to date [T02].

From a more formal standpoint, there are roughly two main theoret-
ical frameworks that can be used to study quantum transport: general-
ized master equations (GME) [103] and Green function (GF) techniques
[104L [T05] T06], [T07]. The former also lead to the more simple rate equations in
the case where (i) the electrode-system coupling can be considered as a weak
perturbation, and (ii) off-diagonal elements of the reduced density matrix in
the eigenstate representation (coherences) can be neglected due to very short
decoherence times. Both approaches, the GME and GF techniques, can yield
formally exact expressions for many observables. For non-interacting systems,
one can even solve analytically many models. However, once interactions are
introduced - and these are the most interesting cases containing a very rich
physics - different approximation schemes have to be introduced to make the
problems tractable.

Our main aim is to review the technique of non-equilibrium Keldysh Green
functions (NGF). This approach is able to deal with a very broad variety
of physical problems related to quantum transport at the molecular scale.
It can deal with strong non-equilibrium situations via an extension of the
conventional GF formalism to the Schwinger-Keldysh contour [105] and it
can also include interaction effects (electron-electron, electron-vibron, etc)
in a systematic way (diagrammatic perturbation theory, equation of motion
techniques). Moreover, as we will show later on, it can reproduce results
obtained within the master equation approach in the weak coupling limit
to the electrodes (Coulomb blockade), but it can also go beyond this limit
and cover intermediate coupling (Kondo effect) and strong coupling (Fabry-
Perot) domains. It thus offer the possibility of dealing with different physical
regimes in a unified way.

In Sections 2 we will first introduce the Green functions for non-interacting
systems, and present few examples of transport through non-interacting re-
gions. Then we review the master equation approach and its application to
describe Coulomb blockade and vibron-mediated Franck-Condon blockade.
In Section 3 the Keldysh NGF technique is developed in detail. In equi-
librium situations or within the linear response regime, dynamic response
and static correlation functions are related via the fluctuation-dissipation
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theorem. Thus, solving Dyson equation for the retarded GF is enough to ob-
tain the correlation functions. In strong out-of-equilibrium situations, how-
ever, dynamic response and correlation functions have to be calculated si-
multaneously and are not related by fluctuation-dissipation theorems. The
Kadanof-Baym-Keldysh approach yield a compact, powerful formulation to
derive Dyson and kinetic equations for non-equilibrium systems. In Sec. 4 we
present different applications of the Green function techniques. We show how
Coulomb blockade can be described within the Anderson-Hubbard model,
once an appropriate truncation of the equation of motion hierarchy is per-
formed (Sec. 4.A). Further, the paradigmatic case of transport through a
single electronic level coupled to a local vibrational mode is discussed in de-
tail within the context of the self-consistent Born approximation. It is shown
that already this simple model can display non-trivial physics (Sec. 4.B).
Finally, the case of an electronic system interacting with a bosonic bath is
discussed in Sec. 4.C where it is shown that the presence of an environment
with a continuous spectrum can modified the low-energy analytical structure
of the Green function and lead to dramatic changes in the electrical response
of the system. We point at the relevance of this situation to discuss transport
experiments in short DNA oligomers. We have not addressed the problem
of the (equilibrium or non-equilibrium) Kondo effect, since this issue alone
would require a chapter on its own due to the non-perturbative character of
the processes leading to the formation of the Kondo resonance [108, 109, 110]

In view of the broadness of the topic, the authors were forced to do a
very subjective selection of the topics to be included in this review as well as
of the most relevant literature. We thus apologize for the omission of many
interesting studies which could not be dealt with in the restricted space at
our disposal. We refer the interested reader to the cited papers.



Green function techniques in the treatment of quantum transport 5

2 From coherent transport to sequential tunneling
(basics)

2.1 Coherent transport: single-particle Green functions

Nano-scale and molecular-scale systems are naturally described by the discrete-
level models, for example eigenstates of quantum dots, molecular orbitals, or
atomic orbitals. But the leads are very large (infinite) and have a continuous
energy spectrum. To include the lead effects systematically, it is reasonable
to start from the discrete-level representation for the whole system. It can
be made by the tight-binding (TB) model, which was proposed to describe
quantum systems in which the localized electronic states play an essential
role, it is widely used as an alternative to the plane wave description of elec-
trons in solids, and also as a method to calculate the electronic structure of
molecules in quantum chemistry.

A very effective method to describe scattering and transport is the Green
function (GF) method. In the case of non-interacting systems and coherent
transport single-particle GF's are used. In this section we consider the matrix
Green function method for coherent transport through discrete-level systems.

(i) Matrix (tight-binding) Hamiltonian

The main idea of the method is to represent the wave function of a particle
as a linear combination of some known localized states 1, (r,o), where «
denote the set of quantum numbers, and o is the spin index (for example,
atomic orbitals, in this particular case the method is called LCAO — linear
combination of atomic orbitals)

1/)(5) = Zcoﬂ/}a(g)a (1)

[e3

here and below we use £ = (r, o) to denote both spatial coordinates and spin.
Using the Dirac notations |a) = ¥, (£) and assuming that 1, (§) are or-

thonormal functions («|3) = dap we can write the single-particle matriz

(tight-binding) Hamiltonian in the Hilbert space formed by 14, (€)

H=) (ca+epa)la)al + ) tasla) (s, (2)
o o

the first term in this Hamiltonian describes the states with energies €4, @q
is the electrical potential, the second term should be included if the states
|y are not eigenstates of the Hamiltonoian. In the TB model ¢,5 is the
hopping matrix element between states |) and |5), which is nonzero, as a
rule, for nearest neighbor cites. The two-particle interaction is described by
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the Hamiltonian

H=" Vaps,)|B) 6171, (3)

a3,y

in the two-particle Hilbert space, and so on.
The energies and hopping matrix elements in this Hamiltomian can be
calculated, if the single-particle real-space Hamiltomian A () is known:

abap + tag = / B (E)R(E)bs (€)dE. (4)

This approach was developed originally as an approximate method, if the
wave functions of isolated atoms are taken as a basis wave functions 1), (),
but also can be formulated exactly with the help of Wannier functions. Only
in the last case the expansion (Il) and the Hamiltonian (2) are exact, but
some extension to the arbitrary basis functions is possible. In principle, the
TB model is reasonable only when local states can be orthogonalized. The
method is useful to calculate the conductance of complex quantum systems
in combination with ab initio methods. It is particular important to describe
small molecules, when the atomic orbitals form the basis.

In the mathematical sense, the TB model is a discrete (grid) version of
the continuous Schrodinger equation, thus it is routinely used in numerical
calculations.

To solve the single-particle problem it is convenient to introduce a new rep-
resentation, where the coefficients ¢, in the expansion () are the components
of a vector wave function (we assume here that all states o are numerated
by integers)

W= , (5)

and the eigenstates ¥y are to be found from the matrix Schrodinger equation
HY, = E\W,, (6)

with the matrix elements of the single-particle Hamiltonian

_ Jeatepa, a=p,
Haﬁ - {tozﬁu o # ﬁ (7)

Now let us consider some typical systems, for which the matrix method is
appropriate starting point. The simplest example is a single quantum dot, the
basis is formed by the eigenstates, the corresponding Hamiltonian is diagonal



Green function techniques in the treatment of quantum transport 7
& & En-1€N

5.5,0--50

Fig. 1 A finite linear chain of single-level sites.

ee 00 --- 0
0 e2 O --- 0

0--- 0 EN-1 0
0--- 0 0 en

The next typical example is a linear chain of single-state sites with only
nearest-neighbor couplings (Fig.[I])

ee t 0 --- 0
t ea t - 0

H=|: " (9)
0--- tGN_l t
0--- 0 1t en

The method is applied as well to consider the semi-infinite leads. Although
the matrices are formally infinitely-dimensional in this case, we shall show
below, that the problem is reduced to the finite-dimensional problem for the
quantum system of interest, and the semi-infinite leads can be integrated out.

Finally, in the second quantized form the tight-binding Hamiltonian is

H = Z (€a + €pa) €l co + Z tapcl cs. (10)
a aFp

(ii) Matrix Green functions and contact self-energies

The solution of single-particle quantum problems, formulated with the help
of a matrix Hamiltonian, is possible along the usual line of finding the
wave-functions on a lattice, solving the Schrodinger equation (Bl). The other
method, namely matrix Green functions, considered in this section, was found
to be more convenient for transport calculations, especially when interactions
are included.
The retarded single-particle matrix Green function G(e) is determined
by the equation
[(e+inI-H] G =1, (11)
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System

HY HO

HY

Fig. 2 A quantum system coupled to the left and right leads.

where 7 is an infinitesimally small positive number n = 0F.
For an isolated noninteracting system the Green function is simply ob-
tained after the matrix inversion

GF=[(e+inI—-H". (12)

Let us consider the trivial example of a two-level system with the Hamiltonian

H— (? ;) . (13)

G = i (2t ) a1

(E— 61)(€ — 62) + t2

Now let us consider the case, when the system of interest is coupled to
two contacts (Fig.2]). We assume here that the contacts are also described by
the tight-binding model and by the matrix GFs. Actually, the semi-infinite
contacts should be described by the matrix of infinite dimension. We shall
consider the semi-infinite contacts in the next section.

Let us present the full Hamiltonian of the considered system in a following
block form

HY H;,s 0
H=|Hl, H} H |, (15)
0 Hpgs HY%

where H?, HY, and HY% are Hamiltonians of the left lead, the system, and
the right lead separately. And the off-diagonal terms describe system-to-lead
coupling. The Hamiltonian should be hermitian, so that

Hs, =Hl, Hgsr=H,. (16)

The Eq. ([[I)) can be written as
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E-H) -H;s 0 Gy Grs 0
~Hl, E-H} -Hi, Gs., Gs Gsgr | =1, (17)
0 —Hps E-HY, 0 Grs Gr

where we introduce the matrix E = (¢+1in)I, and represent the matrix Green
function in a convenient form, the notation of retarded function is omitted in
intermediate formulas. Now our first goal is to find the system Green function
G which defines all quantities of interest. From the matrix equation (I7)

(E-H})Grs —HLsGg =0, (18)
~H! G5+ (E-H2)Gs — HL;Gps =1, (19)
—HprsGgs + (E — H%) Gprs =0. (20)

From the first and the third equations one has

Grs = (E—HY) 'H.sGyg, (21)
Grs = (E—HY) ' HgsGs, (22)

and substituting it into the second equation we arrive at the equation
(E-Hg-%)Gs=1, (23)

where we introduce the contact self-energy (which should be also called re-
tarded, we omit the index in this chapter)

S =H (E-H)) 'Hys+H, (E—HY) " Hgs. (24)

Finally, we found, that the retarded GF of a nanosystem coupled to the
leads is determined by the expression

GE(e) = [(e+imI—HY —%] ", (25)

the effects of the leads are included through the self-energy.
Here we should stress the important property of the self-energy ([24), it is
determined only by the coupling Hamiltonians and the retarded GFs of the

isolated leads GV = (E—HY) ™' (i= L, R)
% = Hjg (E - H?)_l H,s = H[(G)"Hs, (26)

it means, that the contact self-energy is independent of the state of the
nanosystem itself and describes completely the influence of the leads. Later
we shall see that this property conserves also for interacting system, if the
leads are noninteracting.

Finally, we should note, that the Green functions considered in this section,
are single-particle GFs, and can be used only for noninteracting systems.
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System

Fig. 3 A quantum system coupled to a semi-infinite 1D lead.

(iii) Semi-infinite leads

Let us consider now a nanosystem coupled to a semi-infinite lead (Fig.H).
The direct matrix inversion can not be performed in this case. The spectrum
of a semi-infinite system is continuous. We should transform the expression
([6) into some other form.

To proceed, we use the relation between the Green function and the eigen-
functions ¥y of a system, which are solutions of the Schrodinger equation ().
Let us define ¥, («) = ¢y in the eigenstate |A) in the sense of definition (&),
then

ORI 8 (27)

where « is the TB state (site) index, A denotes the eigenstate, F) is the energy
of the eigenstate. The summation in this formula can be easy replaced by the
integration in the case of a continuous spectrum. It is important to notice,
that the eigenfunctions Wy («) should be calculated for the separately taken
semi-infinite lead, because the Green function of isolated lead is substituted
into the contact self-energy.

For example, for the semi-infinite 1D chain of single-state sites (n,m =

1,2,...)
™ dk W ()P (m)
R _ k
Gnm(e) - /71- 21T E—I—’L’I]—Ek ) (28)

with the eigenfunctions Wy (n) = /2sinkn, Ey = € + 2t cos k.
Let us consider a simple situation, when the nanosystem is coupled only to
the end site of the 1D lead (Fig.B]). From (28] we obtain the matrix elements

of the self-energy
Zap = Vi VigGiT, (29)

where the matrix element V7, describes the coupling between the end site of
the lead (n = m = 1) and the state |«) of the nanosystem.
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To make clear the main physical properties of the lead self-energy, let us
analyze in detail the semi-infinite 1D lead with the Green function ([28]). The
integral can be calculated analytically (Datta IT, p. 213, [I11])

1 /’T sin? kdk exp(iK (€))

GE(e) = = = ,
n(©) T J)_r€+in—ey—2tcosk t

(30)

K (€) is determined from e = ¢y + 2t cos K. Finally, we obtain the following
expressions for the real and imaginary part of the self-energy

Vial?
ReE(m = %

(n_ nr_umm_1y_m_n_no, (31)
ImXY,, = —M\/ 1 —k20(1 — |K]), (32)

€ — €
2t

= (33)
The real and imaginary parts of the self-energy, given by these expressions,
are shown in Fig.[dl There are several important general conclusion that we
can make looking at the formulas and the curves.

(a) The self-energy is a complex function, the real part describes the energy
shift of the level, and the imaginary part describes broadening. The finite
imaginary part appears as a result of the continuous spectrum in the leads.
The broadening is described traditionally by the matrix

r=i(X-X"), (34)

called level-width function.

(b) In the wide-band limit (¢ — c0), at the energies e—ey < t, it is possible
to neglect the real part of the self-energy, and the only effect of the leads is
level broadening. So that the self-energy of the left (right) lead is

Tr(r)

EL(R) = —1 5 (35)

(iv) Transmission, conductance, current

After all, we want again to calculate the current through the nanosystem.
We assume, as before, that the contacts are equilibrium, and there is the
voltage V applied between the left and right contacts. The calculation of the
current in a general case is more convenient to perform using the full power
of the nonequilibrium Green function method. Here we present a simplified
approach, valid for noninteracting systems only, following Paulsson [112].

Let us come back to the Schrodinger equation (@) in the matrix represen-
tation, and write it in the following form
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Fig. 4 (Color) Real and imaginary parts of the contact self-energy as a function of energy
for a one-band one-dimensional lead.

HY Hpg 0 oy 7y
Hi, H HL | [ %5 | =E | s |, (36)
0 Hps HY | \ g U

where ¥, Ug, and Wg are vector wave functions of the left lead, the nanosys-
tem, and the right lead correspondingly.

Now we find the solution in the scattering form (which is difficult to call
true scattering because we do not define explicitly the geometry of the leads).
Namely, in the left lead ¥y, = ¥? + W}, where ¥ is the eigenstate of HY,
and is considered as known initial wave. The "reflected” wave ¥}, as well
as the transmitted wave in the right lead ¥g, appear only as a result of the
interaction between subsystems. The main trick is, that we find a retarded
solution.

Solving the equation ([B4) with these conditions, the solution is

v = (1+ GYFHLsGEHL ) vy, (37)
Up = GYRHRsGEHT (W (38)
vs = GEHI 0. (39)

The physical sense of this expressions is quite transparent, they describe the
quantum amplitudes of the scattering processes. Three functions ¥y, ¥g, and
VUr are equivalent together to the scattering state in the Landauer-Biittiker
theory. Note, that G here is the full GF of the nanosystem including the
lead self-energies.

Now the next step. We want to calculate the current. The partial (for some
particular eigenstate ¥?,) current from the lead to the system is
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ie

jierm =7 (wj H,sWs — J/;Hjsu'/i) . (40)

To calculate the total current we should substitute the expressions for
the wave functions @7)-([39), and summarize all contributions [I12]. As a
result the Landauer formula is obtained. We present the calculation for the
transmission function. First, after substitution of the wave functions we have
for the partial current going through the system

ie

a=iL=—in=-7 (w;Hsts - w;HgSwR) -

ie
I (0l sG L (G - GY) HasGEH) 0) -
e
= (7" HLsG4TRGEH] 07 (41)
The full current of all possible left eigenstates is given by

A &
1= i=> 7 (72 HLsGETRGER] 0], ) fL(E),  (42)
A A

the distribution function fr(F)) describes the population of the left states,
the distribution function of the right lead is absent here, because we consider
only the current from the left to the right.
The same current is given by the Landauer formula through the transmis-
sion function T'(F)
o0
=2 / T(E)f.(E)dE. (43)
hJ-o
If one compares these two expressions for the current, the transmission
function at some energy is obtained as

T(E) =21y §(E — Ey) (JIQTAHLSGQFRGQHTLS%)
A

=2 > N 0(E - By) (W) Husws ) (7 GATRGER] 07, )
A9

=> (gngg‘FRGgHTLS <27TZ §(E — EA)WQ/\WQQ HL5%>
§

A
=Tr(T,G4TRGE).  (44)

To evaluate the sum in brackets we used the eigenfunction expansion (27)) for
the left contact.

We obtained the new representation for the transmission formula, which
is very convenient for numerical calculations

T =T (it") = Tr (T,GTRrGH). (45)
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Finally, one important remark, at finite voltage the diagonal energies in
the Hamiltonians H} , HY, and HY, are shifted e, — €, +egp,. Consequently,
the energy dependencies of the self-energies defined by (26]) are also changed
and the lead self-energies are voltage dependent. However, it is convenient
to define the self-energies using the Hamiltonians at zero voltage, in that
case the voltage dependence should be explicitly shown in the transmission
formula

T(BE) =Tr [T1L(E — epr) G ()T r(E — epr)G* ()] , (46)

where ¢ and ¢, are electrical potentials of the right and left leads.

With known transmission function, the current I at finite voltage V' can
be calculated by the usual Landauer-Biitiker formulas (without spin degen-
eration, otherwise it should be multiplied additionally by 2)

1) = £ [ TE)u(E) - fu(E) aE. (47)

where the equilibrium distribution functions of the contacts should be written
with corresponding chemical potentials j;, and electrical potentials ¢;

1 1
fu(B) = ———— . falB) = ——— @)
exp( #LT €<PL) +1 exp( #1; e«PR) +1
The zero-voltage conductance G is
dl e? [~ OfE)
6= - _7/_00 () 2 i, (49)
where fY(F) is the equilibriumfermi-function
0 1
FUB) = —F—~— (50)

exp (%) +1
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2.2 Interacting nanosystems and master equation
method

The single-particle matrix Green function methods, considered in the previ-
ous section, can be applied only in the case of noninteracting electrons and
without inelastic scattering. In the case of interacting systems, the other ap-
proach, known as the method of tunneling (or transfer) Hamiltonian (TH),
plays an important role, and is widely used to describe tunneling in supercon-
ductors, in ferromagnets, effects in small tunnel junctions such as Coulomb
blockade (CB), etc. The main advantage of this method is that it is easely
combined with powerful methods of many-body theory. Besides, it is very
convenient even for noninteracting electrons, when the coupling between sub-
systems is weak, and the tunneling process can be described by rather simple
matrix elements.

2.2.1 Tunneling and master equation
(i) Tunneling (transfer) Hamiltonian

The main idea is to represent the Hamiltonian of the system (we consider
first a single contact between two sgbsystems) as a sum of three parts: ”left”
Hyp, 7right” Hp, and "tunneling” Hrp

E[ZE[L-I—HR-FE[T, (51)
H, and Hp determine ”left” |Lk) and "right” |Rq) states

f?m/%(f) = Epr(§), (52)
Hqu(g) = Eqwq(g)a (53)

below in this lecture we use the index k for left states and the index ¢ for right
states. Hy determines ”transfer” between these states and is defined through
matrix elements Vi, = (Lk|Hr|Rq). With these definitions the single-particle
tunneling Hamiltonian is

H =Y Eplk)(kl+ ) Egla)al + ) [Varla) (k| + Voilk)al] . (54)

kel q€ER kq

The method of the tunneling Hamiltonian was introduced by Bardeen
[113], developed by Harrison [114], and formulated in most familiar second
quantized form by Cohen, Falicov, and Phillips [I15]. In spite of many very
successful applications of the TH method, it was many times criticized for it’s
phenomenological character and incompleteness, beginning from the work of
Prange [116]. However, in the same work Prange showed that the tunneling
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Hamiltonian is well defined in the sense of the perturbation theory. These
developments and discussions were summarized by Duke [I17]. Note, that
the formulation equivalent to the method of the tunneling Hamiltonian can
be derived exactly from the tight-binding approach.

Indeed, the tight-binding model assumes that the left and right states can
be clearly separated, also when they are orthogonal. The difference with the
continuous case is, that we restrict the Hilbert space introducing the tight-
binding model, so that the solution is not exact in the sense of the continuous
Schrédinger equation. But, in fact, we only consider physically relevant states,
neglecting high-energy states not participating in transport.

Compare the tunneling Hamiltonian (B4)) and the tight-binding Hamilto-
nian (), divided into left and right parts

H=Y" éapla)(Bl+ D eyl (vl+ > [Vsald)(al + Vi la)(d]]. (55)

afel OYER a€Ll,f€R

The first two terms are the Hamiltonians of the left and right parts, the
third term describes the left-right (tunneling) coupling. The equivalent matrix
representation of this Hamiltonian is

HY HLR)
H= ( L : (56)
H}, Hj

The Hamiltonians (54]) and (B3]) are essentially the same, only the first one
is written in the eigenstate basis |k), |¢), while the second in the tight-binding
basis |a), |3) of the left lead and |d), |v) of the right lead. Now we want to
transform the TB Hamiltonian (B3] into the eigenstate representation.

Canonical transformations from the tight-binding (atomic orbitals) repre-
sentation to the eigenstate (molecular orbitals) representation play an im-
portant role, and we consider it in detail. Assume, that we find two unitary
matrices Sy, and Sg, such that the Hamiltonians of the left part H? and of
the right part H% can be diagonalized by the canonical transformations

H) =S;'HIS,, (57)
HY = S;'H%Sk. (58)

The left and right eigenstates can be written as

k) = Z SLkala), (59)
|a) = Skasl), (60)
5

and the first two free-particle terms of the Hamiltonian (54 are reproduced.
The tunneling terms are transformed as
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Hir =S;'HLzSg, (61)
I:IER = SI_%lHTLRSL’ (62)

or explicitly

Y. Viald)al = ZquIq (63)

a€L,€ER

where

Var = Z VsaSLakSRrsq- (64)
acLl,5eR

The last expression solve the problem of transformation of the tight-binding
matrix elements into tunneling matrix elements.

For applications the tunneling Hamiltonian (54]) should be formulated in
the second quantized form. We introduce creation and annihilation Schrodinger
operators cTLk, CLk, cTRq, CRq- Using the usual rules we obtain

H=H, ({ck,ck}) + Hp ({cq,cq}) + Hrp ({ck,ck,cJf cq}) , (65)

Z er + epr(t chk + Z(eq + eng(t))c:;cq + Z [quc};ck + V;kcch} )
k q kq
(66)
It is assumed that left c; and right ¢, operators describe independent
states and are anticommutative. For nonorthogonal states of the Hamilto-
nian H; + ﬁR it is not exactly so. But if we consider Hy and ﬁR as two
independent Hamiltonians with independent Hilbert spaces we resolve this
problem. Thus we again should consider (66]) not as a true Hamiltonian, but
as the formal expression describing the current between left and right states.
In the weak coupling case the small corrections to the commutation relations
are of the order of |V | and can be neglected. If the tight-binding formulation
is possible, (G0]) is exact within the framework of this formulation. In general
the method of tunneling Hamiltonian can be considered as a phenomeno-
logical microscopic approach, which was proved to give reasonable results in
many cases, e.g. in description of tunneling between superconductors and
Josephson effect.

(ii) Tunneling current

The current from the state k into the state g is given by the golden rule

Toa = el = TVl Fo () (1 fr(@) 8B~ B, (67)
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the probability (1 — fr(E,)) that the right state is unoccupied should be
included, it is different from the scattering approach because left and right
states are two independent states!

Then we write the total current as the sum of all partial currents from
left states to right states and vice versa (note that the terms fr(k)fr(q) are

cancelled)
_ 2me

J =5 D Vel [F (k) = F(@)] 6(E, — Ex). (68)
kq

For tunneling between two equilibrium leads distribution functions are
simply Fermi-Dirac functions {8) and current can be finally written in the
well known form (To do this one should multiply the integrand on 1 = [ §(E—
E,)dE.)

1=/ Z T(E,V)[fu(E) - fr(E)|dE, (69)
with
T(E,V) = (2m)* > [Vig|*6(E — Ex — ep)3(E — B, — eor). (70)
qk

This expression is equivalent to the Landauer formula (@), but the trans-
mission function is related now to the tunneling matrix element.

Now let us calculate the tunneling current as the time derivative of the
number of particles operator in the left lead Ny = >k chk. Current from
the left to right contact is

J(t)_—e<<%)>s_—%<[ﬁ@m}>S, (71)

where (...)s is the average over time-dependent Schrodinger state. Ny, com-
mute with both left and right Hamiltonians, but not with the tunneling
Hamiltonian

{fIT, NL} = ZZ [(V,J;gc];ck + Vt;‘kcqcl) cl,ck/} K (72)

K kq
using commutation relations
ckcL/ck/ — CL/Ck’Ck = ckcL/ck/ + CL/Cka/ = (CkCL/ + Oppr — CkCL,)Ck/ = 5kk/ck,

we obtain )
ie

J(t) = 7 {V:;k <c(‘;ck>5 — Vi <chq>S} . (73)
kq

Now we switch to the Heisenberg picture, and average over initial time-
independent equilibrium state
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o—Hea/T

(0®) =50 (aOW)  feg = S (T (74)
One obtains
T =3 [Var () = Vi ek ea®)] . (79)

kq

It can be finally written as

2e 2e
J(t) = ST | Y Vaepr(t) | = S-Re | D VG, (1)
kq kq

We define "left-right” density matrix or more generally lesser Green func-
tion
G]jq(tl, t2) =1 <C;(t2)0k (t1)> .

Later we show that these expressions for the tunneling current give the
same answer as was obtained above by the golden rule in the case of nonin-
teracting leads.

(iii) Sequential tunneling and the master equation

Let us come back to our favorite problem — transport through a quantum sys-
tem. There is one case (called sequential tunneling), when the simple formulas
discussed above can be applied even in the case of resonant tunneling

Assume that a noninteracting nanosystem is coupled weakly to a thermal
bath (in addition to the leads). The effect of the thermal bath is to break
phase coherence of the electron inside the system during some time 7y,
called decoherence or phase-breaking time. Tp;, is an important time-scale in
the theory, it should be compared with the so-called ”tunneling time” — the
characteristic time for the electron to go from the nanosystem to the lead,
which can be estimated as an inverse level-width function I'~'. So that the
criteria of sequential tunneling is

1y < 1. (76)

The finite decoherence time is due to some inelastic scattering mechanism
inside the system, but typically this time is shorter than the energy relaxation
time 7, and the distribution function of electrons inside the system can be
nonequilibrium (if the finite voltage is applied), this transport regime is well
known in semiconductor superlattices and quantum-cascade structures.

In the sequential tunneling regime the tunneling events between the left
lead and the nanosystem and between the left lead and the nanosystem are
independent and the current from the left (right) lead to the nanosystem
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is given by the golden rule expression (G8)). Let us modify it to the case of
tunneling from the lead to a single level |) of a quantum system

B 2me

J=2"
h

S Var 2 [£(k) = Pa) 6(Ea — Br), (77)
k

where we introduce the probability P, to find the electron in the state |«)
with the energy Fi,.

(iv) Rate equations for noninteracting systems
Rate equation method is a simple approach base on the balance of incoming

and outgoing currents. Assuming that the contacts are equilibrium we obtain
for the left and right currents

Jier(r) = €l [ (Ba) — Pa] | (78)

where o ,
Lo =+ zk: [Vak|?6(Ea — Ex). (79)
In the stationary state J = J, = —Jg, and from this condition the level

population P, is found to be

_ FLafg(Ea) + FRaf}%(Ea)
FLa + FRa

P, , (80)

with the current

FLaFRa

= em(fg(Ea) - f}%(Ea))~ (81)

It is interesting to note that this expression is exactly the same, as one can
obtain for the resonant tunneling through a single level without any scatter-
ing. It should be not forgotten, however, that we did not take into account
additional level broadening due to scattering.

(v) Master equation for interacting systems

Now let us formulate briefly a more general approach to transport through in-
teracting nanosystems weakly coupled to the leads in the sequential tunneling
regime, namely the master equation method. Assume, that the system can
be in several states |A), which are the eigenstates of an isolated system and
introduce the distribution function Py — the probability to find the system
in the state |A). Note, that these states are many-particle states, for example
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for a two-level quantum dot the possible states are |\) = |00), |10), 01]), and
|11). The first state is empty dot, the second and the third with one electron,
and the last one is the double occupied state. The other non-electronic de-
grees of freedom can be introduce on the same ground in this approach. The
only restriction is that some full set of eigenstates should be used

> =1 (82)
A

The next step is to treat tunneling as a perturbation. Following this idea,
the transition rates '™ from the state X’ to the state A are calculated using
the Fermi golden rule

2 N 2
1= ST\ flirli)| 6B - ). (83)
Then, the kinetic (master) equation can be written as
dPy AN A
— = I Py —» I'"P 84

where the first term describes tunneling transition into the state |\), and the
second term — tunneling transition out of the state |\).
In the stationary case the probabilities are determined from

S ey =3 VR (85)
A A

For noninteracting electrons the transition rates are determined by the
single-electron tunneling rates, and are nonzero only for the transitions be-
tween the states with the number of electrons different by one. For example,
transition from the state |[\") with empty electron level a into the state |A)
with filled state « is described by

[he=1mna=0 _ FLafg(EOc) + FRaf]%(Ea)a (86)

where I'r, and I'g, are left and right level-width functions ([79).

For interacting electrons the calculation is a little bit more complicated.
One should establish the relation between many-particle eigenstates of the
system and single-particle tunneling. To do this, let us note, that the states
|f) and |7) in the golden rule formula (83)) are actually the states of the whole
system, including the leads. We denote the initial and final states as

i) = [, ¥) = )X, (57)
1) = kg 2) = k)1, (58)
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where k is the occupation of the single-particle states in the lead. The pa-
rameterization is possible, because we apply the perturbation theory, and
isolated lead and nanosystem are independent.

The important point is, that the leads are actually in the equilibrium
mixed state, the single electron states are populated with probabilities, given
by the Fermi-Dirac distribution function. Taking into account all possible
single-electron tunneling processes, we obtain the incoming tunneling rate

e Zfz Eire) |(ik X | Hr| ik, N)|* 8(Ex + Eiro — Ex),  (89)

iko

where we use the short-hand notations: |ik, \') is the state with occupied
k-state in the i—th lead, while |ik, ) is the state with unoccupied k-state in
the 1—th lead, and all other states are assumed to be unchanged, F) is the
energy of the state A .

To proceed, we introduce the following Hamiltonian, describing single elec-
tron tunneling and charging of the nanosystem state

=% [V)\X;ﬂckXAX + V;)\/kCLX)‘IA} , (90)
RAN
the Hubbard operators X = |\)(\/| describe transitions between eigen-

states of the nanosystem.
Substituting this Hamiltonian one obtains

4 2T
= - > FEike) Viko | Vaxkl” 6(Ex + Eirg — Ex).  (91)
iko

In the important limiting case, when the matrix element Vyy is k-
independent, the sum over k£ can be performed, and finally

Y = 3" LiEx — Ex) |[Vax[* f2(Ex — Ex). (92)
i=L,R

Similarly, the outgoing rate is

Y =Y LBy — B\ |Vav [ (1- fA(Ex — Ey)). (93)
i=L,R

The current (from the left or right lead to the system) is
Ji:L,R(t) Z (Fz)\zi\z P)\' Fz outP)\') (94)
AN

This system of equations solves the transport problem in the sequential
tunneling regime.
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2.2.2 Electron-electron interaction and Coulomb blockade
(i) Anderson-Hubbard and constant-interaction models

To take into account both discrete energy levels of a system and the electron-
electron interaction, it is convenient to start from the general Hamiltonian

N 5 1
H =Y ¢pdlds+ 5 > Vagedhdhd,ds. (95)
af afByd

The first term of this Hamiltonian is a free-particle discrete-level model (0]
with €, including electrical potentials. And the second term describes all
possible interactions between electrons and is equivalent to the real-space
Hamiltonian

.= [ de [ a3 @ Ve, (96)
where 1/3(5) are field operators

$(€) =D ta()da, (97)

1o (€) are the basis single-particle functions, we remind, that spin quantum
numbers are included in «, and spin indices are included in £ = r,o as
variables.

The matrix elements are defined as

Vapys = /dé/dé’iﬁi(&)wé(é’)‘/(&f’)i/fw(&)%(é')- (98)

For pair Coulomb interaction V' (|r|) the matrix elements are

Vasos = Y [ dr [ di'ui(e,0)03 67,0 WV (1 = ), (roo)is(a's ). (99)

oo’

Assume now, that the basis states |«) are the states with definite spin
quantum number o,. It means, that only one spin component of the wave
function, namely 1, (0, ) is nonzero, and 14 (G,) = 0. In this case the only
nonzero matrix elements are those with o, = 0, and og = o5, they are

Vaios = [ [ vy @us )V (e =i s, (100)

In the case of delocalized basis states 1, (r), the main matrix elements are
those with @ = v and 8 = 4, because the wave functions of two different
states with the same spin are orthogonal in real space and their contribution
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is small. Tt is also true for the systems with localized wave functions ¢, (r),
when the overlap between two different states is weak. In these cases it is
enough to replace the interacting part by the Anderson-Hubbard Hamilto-
nian, describing only density-density interaction

N 1 o
HAH = 5 ;Uaﬁnanﬁ. (101)

with the Hubbard interaction defined as
Uns = [ v [ a [ e)P a6 PV (i =), (102)

In the limit of a single-level quantum dot (which is, however, a two-level
system because of spin degeneration) we get the Anderson impurity model
(AIM)

Hamng =Y eodlydy + Uiy, (103)
o=11

The other important limit is the constant interaction model (CIM), which
is valid when many levels interact with similar energies, so that approxi-
mately, assuming U,z = U for any states o and 3

2 N
. 1 U ) U L\ UNW -1
HAH_EO;Uagnan5~5<;na> —§<;na> :f'
(104)
where we used 7?2 = f.

Thus, the CIM reproduces the charging energy considered above, and the
Hamiltonian of an isolated system is

Hery = Z €apdlds + E(N). (105)
af

Note, that the equilibrium compensating charge density can be easily in-
troduced into the AH Hamiltonian

N 1 . B . B
HAH — 5 %Uaﬁ (noz - noz) (nﬁ - nﬁ) . (106)

(ii) Coulomb blockade in quantum dots

Here we want to consider the Coulomb blockade in intermediate-size quantum
dots, where the typical energy level spacing Ae is not too small to neglect it
completely, but the number of levels is large enough, so that one can use the
constant-interaction model ([I08]), which we write in the eigenstate basis as
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E[CIM = Z gozdeOz + E(”)v (107)

where the charging energy F(n) is determined in the same way as previously,
for example by the expression ([I04]). Note, that for quantum dots the usage
of classical capacitance is not well established, although for large quantum
dots it is possible. Instead, we shift the energy levels in the dot €, = €4 +epq
by the electrical potential

o =Vo+ Vi + na(VL - VR), (108)

where 7, are some coefficients, dependent on geometry. This method can be
easily extended to include any self-consistent effects on the mean-field level by
the help of the Poisson equation (instead of classical capacitances). Besides, if
all n, are the same, our approach reproduce again the the classical expression

Eorv = Zeana + E(n) + enpegt. (109)

The addition energy now depends not only on the charge of the molecule,
but also on the state |«), in which the electron is added

AET (nina=0—n+1,n,=1)=En+1)— E(n) + e, (110)

we can assume in this case, that the single particle energies are additive to the
charging energy, so that the full quantum eigenstate of the system is |n, i),
where the set 7 = {n,} shows weather the particular single-particle state |«)
is empty or occupied. Some arbitrary state n looks like

f = {na} = (n1,n2,n3,n4,n5,...) = (1,1,0,1,0,...). (111)

Note, that the distribution 7 defines also n = )" nq. It is convenient, how-
ever, to keep notation n to remember about the charge state of a system,
below we use both notations |n,n) and short one |7) as equivalent.

The other important point is that the distribution function f,(«) in the
charge state |n) is not assumed to be equilibrium, as previously (this con-
dition is not specific to quantum dots with discrete energy levels, the dis-
tribution function in metallic islands can also be nonequilibrium. However,
in the parameter range, typical for classical Coulomb blockade, the tunnel-
ing time is much smaller than the energy relaxation time, and quasiparticle
nonequilibrium effects are usually neglected).

With these new assumptions, the theory of sequential tunneling is quite
the same, as was considered in the previous section. The master equation is

[118, 119} 120, 121]
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dp(nanvt) nn—1 ~ nn+1 -
TI) S (gt 1)+ T3l 4 1.0

%

STt + Ittt pln,nnt) + I{p(n,a,t)} (112)

Y

where p(n,n,t) is now the probability to find the system in the state |n,n),
71~ is the transition rate from the state with n—1 electrons and single level
occupation 7/ into the state with n electrons and single level occupation 7.
The sum is over all states 7/, which are different by one electron from the state
n. The last term is included to describe possible inelastic processes inside the
system and relaxation to the equilibrium function pe,(n, 7). In principle, it is
not necessary to introduce such type of dissipation in calculation, because the
current is in any case finite. But the dissipation may be important in large
systems and at finite temperatures. Besides, it is necessary to describe the
limit of classical single-electron transport, where the distribution function of
qausi-particles is assumed to be equilibrium. Below we shall not take into
account this term, assuming that tunneling is more important.

While all considered processes are, in fact, single-particle tunneling pro-
cesses, we arrive at

dp(n,t)
dt

= (5nﬁ1rg"*1p(ﬁ, ng = 0,t) + Snpo L3 " p(i, ns = 1,t)) -
B

3 (%Jg*l” n 5n50rg+1”) (7, t), (113)
B

where the sum is over single-particle states. The probability p(f,ng = 0,t)
is the probability of the state equivalent to n, but without the electron in
the state 8. Consider, for example, the first term in the right part. Here the
delta-function §,, 51 shows, that this term should be taken into account only if
the single-particle state § in the many-particle state n is occupied, I g s
the probability of tunneling from the lead to this state, p(f,ng = 0,t) is the
probability of the state 7/, from which the system can come into the state 7.

The transitions rates are defined by the same golden rule expressions, as
before, but with explicitly shown single-particle state a

2 N 2
Fg;—ln = % ‘<7’L+1,7’La = 1|HTL|n,na = O>‘ 5(Ez —Ef) =

Zlvm fO(AES,, — Ey), (114)
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2 N 2
pr-in % ’<n— 1,n0 = O[Hyp|n,ng = 1>’ S(E, — Ey) =

2T S Waal? (L= ) S(ABS , — F) (15)
k

there is no occupation factors (1 — f,), fa because this state is assumed to
be empty in the sense of the master equation (II3). The energy of the state
is now included into the addition energy.

Using again the level-width function

Fict.alB) = 5 3 Wit *0(E — ). (116)
we obtain
It = TpafR(AES,) + Tra fR(AE,), (117)
It =Tna (1= fUAE] 1)) + Tra (1= fRIAE] 1)) (118)
Finally, the current from the left or right contact to a system is

wR—eZZP Lo (60 f2(AEL) — 8,00(1— f2(AEL))) . (119)

The sum over a takes into account all possible single particle tunneling events,
the sum over states 7 summarize probabilities p(7) of these states.
(iii) Linear conductance

The linear conductance can be calculated analytically [118, 120]. Here we
present the final result:

00 I aF )
ZZ FLi—F ;R Peg(n,na =1) [1 = fO(AE;_, )], (120)

where P.4(n,nq = 1) is the joint probability that the quantum dot contains
n electrons and the level « is occupied

P.y(n,ng =1) Zpeq n— Znﬁ Ongl, (121)
B

and the equilibrium probability (distribution function) is determined by the
Gibbs distribution in the grand canonical ensemble:
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Fig. 5 Linear conductance of a QD as a function of the gate voltage at different temper-
atures T'=0.01E¢, T = 0.03E¢, T = 0.06Ec, T = 0.1E¢, T = 0.15E¢ (lower curve).

. 1
Peq() = 7 exp ) (122)

1 -
— (Z €a + E(n)>

[e3

A typical behaviour of the conductance as a function of the gate volt-
age at different temperatures is shown in Fig. Bl In the resonant tunneling
regime at low temperatures 7" < Ae the peak height is strongly temperature-
dependent. Tt is changed by classical temperature dependence (constant
height) at T' > Ae.

(iv) Transport at finite bias voltage

At finite bias voltage we find new manifestations of the interplay between
single-electron tunneling and resonant free-particle tunneling.

Now, let us consider the current-voltage curve of the differential conduc-
tance (Fig. [M). First of all, Coulomb staircase is reproduced, which is more
pronounced, than for metallic islands, because the density of states is limited
by the available single-particle states and the current is saturated. Besides,
small additional steps due to discrete energy levels appear. This character-
istic behaviour is possible for large enough dots with Ae < E¢. If the level
spacing is of the oder of the charging energy Ae ~ E¢, the Coulomb block-
ade steps and discrete-level steps look the same, but their statistics (position
and height distribution) is determined by the details of the single-particle
spectrum and interactions [I21].

Finally, let us consider the contour plot of the differential conductance
(Fig. [[). Ti is essentially different from those for the metallic island. First,
it is not symmetric in the gate voltage, because the energy spectrum is re-
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J[arb. u.]

Fig. 6 Coulomb staircase.

Fig. 7 Contour plot of the differential conductance.

stricted from the bottom, and at negative bias all the levels are above the
Fermi-level (the electron charge is negative, and a negative potential means
a positive energy shift). Nevertheless, existing stability patterns are of the
same origin and form the same structure. The qualitatively new feature is
additional lines correspondent to the additional discrete-level steps in the
voltage-current curves.In general, the current and conductance of quantum
dots demonstrate all typical features of discrete-level systems: current steps,
conductance peaks. Without Coulomb interaction the usual picture of reso-
nant tunneling is reproduced. In the limit of dense energy spectrum Ae — 0
the sharp single-level steps are merged into the smooth Coulomb staircase.
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2.2.3 Vibrons and Franck-Condon blockade
(i) Linear vibrons

Vibrons are quantum local vibrations of nanosystems (Fig. ), especially im-
portant in flexible molecules. In the linear regime the small displacements
of the system can be expressed as linear combinations of the coordinates of
the normal modes z,, which are described by a set of independent linear
oscillators with the Hamiltonian

~2
() _ Py 1 242
my) = Zq: <2mq + 5w q> . (123)
The parameters m, are determined by the microscopic theory, and p,
(g = —iha%q in the z-representation) is the momentum conjugated to &g,

[jqalsq]_ = ih.

Let us outline briefly a possible way to calculate the normal modes of
a molecule, and the relation between the positions of individual atoms and
collective variables. We assume, that the atomic configuration of a system is
determined mainly by the elastic forces, which are insensitive to the transport
electrons. The dynamics of this system is determined by the atomic Hamil-
tonian

N P2
Hat = zn: 2]\271 +W ({Rn}) ) (124)
where W ({R,,}) is the elastic energy, which includes also the static external
forces and can be calculated by some ab initio method. Now define new
generalized variables ¢; with corresponding momentum p; (as the generalized
coordinates not only atomic positions, but also any other convenient degrees
of freedom can be considered, for example, molecular rotations, center-of-

Fig. 8 (Color) A local molecular vibration. The empty circles show the equilibrium posi-
tions of the atoms. The energies €q, €5 and the overlap integral ¢,3 are perturbed.
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mass motion, etc.)

. 2
Hy = Z 27’:’11 +W ({QZ})v (125)

”masses” m; should be considered as some parameters. The equilibrium co-
ordinates ¢) are defined from the energy minimum, the set of equations is

oW ({4})
=0. 126
24 (126)
The equations for linear oscillations are obtained from the next order ex-
pansion in the deviations Ag; = ¢; — ¢
A PO ()
pz q]

Hy = ———=Aq; Ag,. 127
t i 2 + - 8(]1'8%' qi Ag; ( )

This Hamiltonian describes a set of coupled oscillators. Finally, applying
the canonical transformation from Ag; to new variables z, (¢ is now the index
of independent modes)

0= Cyias (128)

we derive the Hamiltonian (IZ3) together with the frequencies w, of vibra-
tional modes.
It is useful to introduce the creation and annihilation operators

1 MW,
1 9% 5
a - , 129
K \/§< q(.()q pq) ( )

1 MgWq .
- - , 130
Qq /32 ( 7 Lq /—mqwqﬁ q) (130)
in this representation the Hamiltonian of free vibrons is ( = 1)
aY = qu Fag. (131)

(ii) Electron-vibron Hamiltonian

A system without vibrons is described as before by a basis set of states |a)
with energies €, and inter-state overlap integrals t,g, the model Hamiltonian
of a noninteracting system is

7 (0
AY =3 (ca + epalt) dida + 3 tasdlds, (132)
a -y,
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where dJ,,d, are creation and annihilation operators in the states |a), and
©q(t) is the (self-consistent) electrical potential (I0S). The index « is used
to mark single-electron states (atomic orbitals) including the spin degree of
freedom.

To establish the Hamiltonian describing the interaction of electrons with
vibrons in nanosystems, we can start from the generalized Hamiltonian

Hs =3 e ({2q}) dida + 3 tap ({}) dids, (133)

a a#p

where the parameters are some functions of the vibronic normal coordinates
z4. Note that we consider now only the electronic states, which were excluded
previously from the Hamiltonian (I24)), it is important to prevent double
counting.

Expanding to the first order near the equilibrium state we obtain

i, = Z Z 86”‘ Todido + > Z at“" zodids,  (134)

a#fB q

where €,(0) and t,3(0) are unperturbed values of the energy and the overlap
integral. In the quantum limit the normal coordinates should be treated as
operators, and in the second-quantized representation the interaction Hamil-

tonian is X
Hey =Y Y M (g + al)dldg. (135)
aB q

This Hamiltonian is similar to the usual electron-phonon Hamiltonian, but
the vibrations are like localized phonons and ¢ is an index labeling them,
not the wave-vector. We include both diagonal coupling, which describes a
change of the electrostatic energy with the distance between atoms, and the
off-diagonal coupling, which describes the dependence of the matrix elements
tag over the distance between atoms.

The full Hamiltonian

ﬁ:ﬁg—l—ﬁv—l—ﬁL—FﬁR-l-ﬁT (136)

is the sum of the noninteracting Hamiltonian ﬁg, the Hamiltonians of the
leads H R(L), the tunneling Hamiltonian Hr describing the system-to-lead
coupling, the vibron Hamiltonian Hy including electron-vibron interaction
and coupling of vibrations to the environment (describing dissipation of vi-
brons).

Vibrons and the electron-vibron coupling are described by the Hamiltonian
(h=1)

Hy = qua:gaq + Z Z )\Zﬁ(aq + a};)d:&dg + Hen. (137)
q aB q
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The first term represents free vibrons with the energy hw,. The second term
is the electron-vibron interaction. The rest part flem, describes dissipation of
vibrons due to interaction with other degrees of freedom, we do not consider
the details in this chapter.

The Hamiltonians of the right (R) and left (L) leads read as usual

Hz‘:L(R) = Z(Eiko + 64Pi)cjkaciko; (138)
ko

w; are the electrical potentials of the leads. Finally, the tunneling Hamiltonian

ffT - Z Z (‘/ikgvacjkada + ‘/iZU,adLCikd) (139)
i=L,R ko,«

describes the hopping between the leads and the molecule. A direct hopping
between two leads is neglected.

The simplest example of the considered model is a single-level model
(Fig. @) with the Hamiltonian

f{ = €0de+w0aTa—|—/\ (CLT + a) de+Z [Eikcjkcik —+ ‘/ikc'irkd + h.C. s (140)
ik

where the first and the second terms describe free electron state and free vi-
bron, the third term is electron-vibron interaction, and the rest is the Hamil-
tonian of the leads and tunneling coupling (i = L, R is the lead index).

The other important case is a center-of-mass motion of molecules between
the leads (Fig.[I0). Here not the internal overlap integrals, but the coupling to
the leads Viks,o () is fluctuating. This model is easily reduced to the general
model ([I37), if we consider additionaly two not flexible states in the left and

Fig. 9 (Color) Single-level electron-vibron model.
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right leads (two atoms most close to a system), to which the central system
is coupled (shown by the dotted circles).

Tunneling Hamiltonian includes z-dependent matrix elements, considered
in linear approximation

H= 3 (Vikg,a(:@)cjkgda + h.c.) , (141)

i=L,R ko,
Vi r(z) = Voe:Fi/L ~ VW <1ZF%) . (142)
Consider now a single-level molecule (¢« = 0) and extend our system,

including two additional states from the left (o =1) and right (v = r) sides
of a molecule, which are coupled to the central state through z-dependent
matrix elements, and to the leads in a usual way through I (). Then the
Hamiltonian is of linear electron-vibron type

ﬁM+V = Z (€a + €00) d};da + tl(dgdo + h.c) + tr(dldo + h.c)+
a=l,0,r
+woata + (a + a') (Aodgdo — N(dldo + hec.) + M (dido + h.c.)) .
(143)

(iii) Local polaron and canonical transformation

Now let us start to consider the situation, when the electron-vibron interac-
tion is strong. For an isolated system with the Hamiltonian, including only

Fig. 10 (Color) A center-of-mass vibration.
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diagonal terms,
Hopv =) Cadlide+ Y wealag+ Y > Mlag+a)dlda,  (144)
«@ q o q

the problem can be solved exactly. This solution, as well as the method of the
solution (canonical transformation), plays an important role in the theory of
electron-vibron systems, and we consider it in detail.

Let’s start from the simplest case. The single-level electron-vibron model
is described by the Hamiltonian

Hsyv = é&d'd+woa’a+ A (al +a)d'd, (145)

where the first and the second terms describe free electron state and free
vibron, and the third term is the electron-vibron interaction.
This Hamiltonian is diagonalized by the canonical transformation (called

”Lang-Firsov” or ”polaron”) [122 123| [124]

H=S"'HS, (146)
with \
S — —Z (af —a)dld 14
S = exp o (a CL) ) (147)

the Hamiltonian (I43]) is transformed as
H5+V = 371H5+VS' = go(ﬁ(i—l— (.«JOC_LTC_L + A (C_LT + C_L) CZTCZ, (148)

it has the same form as (I45) with new operators, it is a trivial consequence
of the general property

>
>
>
|

51 (f1f2f3...) S= (S A8 (S o8 (8 f39).. = fifofs.  (149)

and new single-particle operators are

S a8 =a-— ﬁde,

a= 150
at =51at§ =al — inde,

151
d=5"1dS = exp [_ﬁ (aT — a)} d, 152

(
(
(
(153

)

)

)
dt = §-1d1S = exp [%0 (aT — a)} dar. )
Substituting these expressions into (I48]) we get finally

_ 22
HS+V = (go — —) de + woaTa. (154)

wo
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We see that the electron-vibron Hamiltonian ([43)) is equivalent to the free-
particle Hamiltonian (I54]). This equivalence means that any quantum state
|02}, obtained as a solution of the Hamiltonian ([54)) is one-to-one equivalent
to the state |15) as a solution of the initial Hamiltonian (I45]), with the same
matrix elements for any operator

(OalFl0n) = (@l flen), (155)
f=8"1f8, (156)
[a) = S7Ha). (157)

It follows immediately that the eigenstates of the free-particle Hamiltonian
are

D) = |0 =0,1;m=0,1,2,...) = (d")" (\/737 10), (158)
and the eigen-energies are
)\2
E(n,m) = (€0 - w_o) n + wom. (159)

The eigenstates of the initial Hamiltonian ([43]) are

[Ynm) = S’|1/_)nm> =e 30( )de(dT) (\/)_ 10), (160)

with the same quantum numbers (n,m) and the same energies (I59). This
representation of the eigenstates demonstrates clearly the collective nature
of the excitations, but it is inconvenient for practical calculations.

Now let us consider the polaron transformation (I48])-([I4T) applied to the
tunneling Hamiltonian

=% Z( hoCh d+ Vi d cm) (161)

i=L,R ko

The electron operators in the left and right leads c;i, are not changed by
this operation, but the dot operators d,, d/, are changed in accordance with
([I52) and ([I53). So that transformed Hamiltonian is

HT - Z Z (V;kae 30 ) Zkod+ 1ko’ >\ ( Tia)dTCikU) : (162)

i=L,R ko

Now we see clear the problem: while the new dot Hamiltonian ([I54) is
very simple and exactly solvable, the new tunneling Hamiltonian (IG2]) is
complicated. Moreover, instead of one linear electron-vibron interaction term,
the exponent in ([I62) produces all powers of vibronic operators. Actually, we
simply remove the complexity from one place to the other. This approach



Green function techniques in the treatment of quantum transport 37

works well, if the tunneling can be considered as a perturbation, we consider
it in the next section. In the general case the problem is quite difficult, but in
the single-particle approximation it can be solved exactly [125] [126] 127 [128].

To conclude, after the canonical transformation we have two equivalent
models: (1) the initial model ([[43) with the eigenstates (I60); and (2) the
fictional free-particle model (I54]) with the eigenstates (I58]). We shall call
this second model polaron representation. The relation between the models is
established by ([I55)- (I]EZI) It is also clear from the Hamiltonian (I48), that

the operators df, d, a', and @ describe the initial electrons and vibrons in the
fictional model.

(iv) Inelastic tunneling in the single-particle approximation

In this section we consider a special case of a single particle transmission
through an electron-vibron system. It means that we consider a system cou-
pled to the leads, but without electrons in the leads. This can be considered
equivalently as the limit of large electron level energy ¢ (far from the Fermi
surface in the leads).

The inelastic transmission matriz T'(€',€) describes the probability that
an electron with energy ¢, incident from one lead, is transmitted with the
energy €' into a second lead. The transmission function can be defined as the
total transmission probability

T(e) = /T(e/, e)de’. (163)
For a noninteracting single-level system the transmission matrix is

T'r(e)I'L(€)o(e — €)
(€ —eo — A(€)* + (I'(€)/2)*’

where I'(e) = I'L.(€) + I'r(e) is the level-width function, and A(e) is the real
part of the self-energy.

We can do some general conclusions, based on the form of the tunneling
Hamiltonian (I62). Expanding the exponent in the same way as before, we
get

T €) = (164)

ao—l—Zam )m—l—am)

m=1

- 3 3 (Ve

i=L,R ko

+ h.c.> . (165)

with the coefficients

M= (3 wo)?/2
Qm = (—i> CE— (166)

wo m!
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This complex Hamiltonian has very clear interpretation, the tunneling of one
electron from the right to the left lead is accompanied by the excitation of
vibrons. The energy conservation implies that

€ — ¢ = tmuwy, (167)

so that the inelastic tunneling with emission or absorption of vibrons is pos-
sible.
The exact solution is possible in the wide-band limit. [125, 126, 127, 128§]
It is convenient to introduce the dimensionless electron-vibron coupling

constant
A 2
= | — . 168
= (2) (168)

At zero temperature the solution is

" . om! gt 1
1) 9. 1
% Z( ) ! Z !6—€0+QWQ—(j+l)wo+iF/2 » (169)

the total transmission function T'(e) is trivially obtain by integration over €.
The representative results are presented in Figs. [Tl and

At finite temperature the general expression is too cumbersome, and we
present here only the expression for the total transmission function

0.1

Fig. 11 Transmission function as a function of energy at different electron-vibron coupling:
g = 0.1 (thin solid line), g = 1 (dashed line), and g = 3 (thick solid line), at I" = 0.1.
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0.15

T(e)/T

Fig. 12 Transmission function as a function of energy at different coupling to the leads:
I' = 0.01 (thin solid line), I" = 0.1 (dashed line), and I" = 1 (thick solid line), at g = 3.

T(e) = —FLZFR e~9(1+2n.) / dt

— 0o

I . )
xexp | ——=|t| +i(e — €9 + gwo)t — +ng)e " +n,e? ,
p (=l + e = o+ gunlt — g [+ n e et ) 170

where n,, is the equilibrium number of vibrons.

(v) Master equation

When the system is weakly coupled to the leads, the polaron representa-
tion (I54), (IG2) is a convenient starting point. Here we consider how the
sequential tunneling is modified by vibrons.

The master equation for the probability p(n,m,t) to find the system in
one of the polaron eigenstates (I58]) can be written as

w ZT”",pn m’) Z e p(n,m) + 1V [p), (171)
n’m’

where the first term describes tunneling transition into the state |n,m), and
the second term — tunneling transition out of the state |n,m), IV [p] is the
vibron scattering integral describing the relaxation to equilibrium. The tran-
sition rates 17, should be found from the Hamiltonian (IG2).

Taking into account all possible single-electron tunneling processes, we
obtain the incoming tunneling rate
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o, 2% 7 1O(Eio) (i, 1, m [ He | ik, 0, ) 6(Bom: + Fio — Ei)
iko
2

2 A (af—a
= E Zsz(Ezka) |V;k<7|2 ‘<m ewo( ) m/> 5(E0m’ + Eika - Elm)
iko
- Z Fl(Elm - EOm’) |Mmm’|2 flo(Elm - EOm’)v (172)
i=L,R
where N
My = <m e (' =a) m'> (173)

is the Franck-Condon matrix element. We use usual short-hand notations:
|ik,n, m) is the state with occupied k-state in the i—th lead, n electrons, and
m vibrons, while |ik,n,m) is the state with unoccupied k-state in the i—th
lead, E),, is the polaron energy ([I59).

Similarly, the outgoing rate is

I =" LB — Bom) My |* (1= £2(Btm: — Eom)) . (174)
i=L,R

The current (from the left or right lead to the system) is

Ji:L,R(t) =e€ Z (Fz];gm/p(ov m/) - Fl%m’p(la ml)) . (175)

mm/’

The system of equations (I'71)-(IZH) solves the transport problem in the
sequential tunneling regime.

(v) Franck-Condon blockade

Now let us consider some details of the tunneling at small and large values
2
of the electro-vibron coupling parameter g = (W—’\O>
The matrix element (73] can be calculated analytically, it is symmetric

in m —m’ and for m <m’ is

i (_g)l /m!m/!efg/Qg(m’fm)/Q

Moypcm = 176
< — U(m =D+ m —m)! (176)
The lowest order elements are
m/2
_ —9/29
Moy, =e Nk (177)
My = (1—g)e 92, (178)

Mis = \/2g (1 - g) e9/2... (179)
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Fig. 13 Franck-Condon matrix elements My, for weak (g = 0.1, squares), intermediate

(g = 1, triangles), and strong (g = 10, circles) electron-vibron interaction. Lines are the
guides for eyes.
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Fig. 14 The inverse life-time (71)~! as a function of \/wp at optimal electron level

position eg = A2 /2w for neutral state (thin solid line), and for the charged state (dashed
line), and for the neutral state at other level position eg = A? /4w (thick solid line).

The characteristic feature of these matrix elements is so-called Franck-
Condon blockade [87, 90], illustrated in Fig. [3] for the matrix element My,,.
From the picture, as well as from the analytical formulas, it is clear, that
in the case of strong electron-vibron interaction the tunneling with small
change of the vibron quantum number is suppressed exponentially, and only
the tunneling through high-energy states is possible, which is also suppressed
at low bias voltage and low temperature. Thus, the electron transport through
a system (linear conductance) is very small.

There are several interesting manifestations of the Franck-Condon block-
ade.
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The life-time of the state |n,m) is determined by the sum of the rates of
all possible processes which change this state in the assumption that all other
states are empty

Tom = Y I, (180)
n’m’

As an example, let us calculate the life-time of the neutral state |0,0),

which has the energy higher than the charged ground state |1,0).

Too- = Z /0 = Z Z i (Bim — Boo) | Moo [P (Bim — Eoo).  (181)

n’m’ m i=L,R

In the wide-band limit we obtain the simple analytical expression
22
Tool = I’Ze‘g—fo ( - — —|— w0m> (182)

The corresponding expression for the life-time of the charged state (which
can be excited by thermal fluctuations) is

2
Toh = FZ *99 fo (—e + X —|—w0m) . (183)

The result of the calculation is shown in Fig. 4] it is clear seen that the
tunneling from the state |0,0) to the charged state and from the state |1,0)
to the neutral state is exponentially suppressed in comparison with the bare
tunneling rate I at large values of the electron-vibron interaction constant
A. This polaron memory effect can be used to create nano-memory and nano-
switches. At finite voltage the switching between two states is easy accessible
through the excited vibron states. It can be used to switch between memory
states [129].

The other direct manifestation of the Franck-Condon blockade, — suppres-
sion of the linear conductance, was considered in Refs. [87, [90].
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3 Nonequilibrium Green function theory of transport

3.1 Standard transport model: a nanosystem between
ideal leads

First of all, we formulate a standard discrete-level model to describe nanoscale
interacting quantum systems (quantum dot, system of quantum dots, molecule,
below ”nanosystem”, ”central system”, or simply ”system”) coupled to free
conduction electrons in the leads. We include the Coulomb interaction with
the help of the Anderson-Hubbard Hamiltonan to be able to describe cor-
relation effects, such as Coulomb blockade and Kondo effect, which could
dominate at low temperatures. At high temperatures or weak interaction
the self-consistent mean-field effects are well reproduced by the same model.
Furthermore, electrons are coupled to vibrational modes, below we use the

electron-vibron model introduced previously.

(i) The model Hamiltonian

The full Hamiltonian is the sum of the free system Hamiltonian H éo), the
inter-system electron-electron interaction Hamiltonian He¢, the vibron Hamil-
tonian Hy including the electron-vibron interaction and coupling of vibra-
tions to the environment (dissipation of vibrons), the Hamiltonians of the
leads H R(1), and the tunneling Hamiltonian Hr describing the system-to-
lead coupling . R R A . . R

H=Hs+ Hc+ Hy+H;,+Hgr+ Hrp. (184)

An isolated noninteracting nanosystem is described as a set of discrete
states |a) with energies €, and inter-orbital overlap integrals t,3 by the fol-
lowing model Hamiltonian:

AY =3 (ea + epa(t) dida + Y tapdlds, (185)
a a#pB

where dJ,,d, are creation and annihilation operators in the states |a), and
©a(t) is the effective (self-consistent) electrical potential. The index « is used
to mark single-electron states (e.g. atomic orbitals) including the spin degree
of freedom. In the eigenstate (molecular orbital) representation the second
term is absent and the Hamiltonian is diagonal.

For molecular transport the parameters of a model are to be determined
by ab initio methods or considered as semi-empirical. This is a compromise,
which allows us to consider complex molecules with a relatively simple model.

The Hamiltonians of the right (R) and left (L) leads are
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Hiopry =Y (€iko + ei(t))Clyy Cino (186)
ko

;i (t) are the electrical potentials of the leads, the index k is the wave vector,
but can be considered as representing an other conserved quantum number,
o is the spin index, but can be considered as a generalized channel number,
describing e.g. different bands or subbands in semiconductors. Alternatively,
the tight-binding model can be used also for the leads, then (I8]) should be
considered as a result of the Fourier transformation. The leads are assumed
to be noninteracting and equilibrium.
The tunneling Hamiltonian

Z Z( lkaaclka'd +Vkaadacika) (187)

i=L,R ko,

describes the hopping between the leads and the system. The direct hopping
between two leads is neglected (relatively weak molecule-to-lead coupling
case). Note, that the direct hoping between equilibrium leads can be easy
taken into account as an additional independent current channel.
The Coulomb interaction inside a system is described by the Anderson-
Hubbard Hamiltonian 1
=3 > Uapiaiis. (188)
a#f

This Hamiltonian is used usually only for the short-range part of Coulomb
interaction. The long-range interactions can be better introduced through
the self-consistent electrical potential ¢,, which is determined by the Poison
equation with the average electron density.

Vibrations and the electron-vibron coupling are described by the Hamil-

tonian
HV—Zhwqa aq+ZZ)\aﬁ ag +a})dl dg + H.. (189)

Here vibrations are considered as localized phonons and q is the index labeling
them, not the wave-vector. The first term describes free vibrons with the
energy fw,. The second term represents the electron-vibron interaction. The
third term describes the coupling to the environment and the dissipation of
vibrons. We include both diagonal coupling, which originates from a change
of the electrostatic energy with the distance between atoms, and the off-
diagonal coupling, which can be obtained from the dependence of the matrix
elements ¢, over the distance between atoms.

(ii) Nonequilibrium current and charge

To connect the microscopic description of a system with the macroscopic
(electrodynamic) equations and calculate the observables, we need the expres-
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sions for the nonequilibrium electrical charge of the system and the current
between the system and the leads.

The charge in a nonequilibrium state is given by (Qo is the background
charge)

Qs(t) = ey (dlda) — Qo. (190)

To calculate the current we find the time evolution of the particle number
operator Ng = 3", dld, due to tunneling from the left (i = L) or right
(i = R) contact.

The current from the left (i = L) or right (i = R) contact to the nanosys-
tem is determined by (note, that we consider e as the charge of the electron
(negative) or the hole (positive))

Ji(t)_—e<<d%>i> :—%<[H¥>,NS]>, (191)

HY =3 (mkmcjkgda + Vizmadlcikg) (192)

ko,a

where

is the Hamiltonian of the coupling to the corresponding contact. The current
is determined by this only part of the full Hamiltonian (I3€]), because all
other terms commute with ]\75.

Applying the commutation relation

(o dlds| = dadlyds — dlydada =dadlyds + diydodg =

(dadly + 0ap — dadly)ds = dapda, (193)
one obtains finally
e N
Ji(t) = % Z [‘/ika,a <cjka'da> — Viko,a <dlcik0>:| . (194)
ko,a

(ili) Density matrix and NGF

The averages of the operators in Eqs. (I90) and ([I94) are the elements of the
density matrix in the single-particle space

Paalt) = <dl¢(t)da (t)> ) (195)
pavike(t) = (el (1)) (196)

It is possible, also, to express it as a two-time Green function at equal
times
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t)=eY paalt) = —ic» G5, (t1), (197)

JZ( - _Im Z ‘/Uca’ ,aPaoiko ) = _Re Z ‘/Uca' a . zko(t t) ,

ko,a ko,a

(198)

where we define the system-to-lead lesser Green function

Ga zkcr(t17t2) =1 <Cjka' (t2)d0¢ (t1)> ’ (199)

while nonequilibrium charge distribution of the molecule is determined by
the system lesser function

Gyt ta) =1 <dTg(t2)da(t1)> : (200)

One can ask: what is the advantage to use the more complex two-time
Green functions instead of density matrices? There are several reasons. First
of all, NGF give, as we shall see below, a clear description of both density
of states and distribution of particles over this states. Then, the equations
of motion including interactions and the influence of environment can be
obtained with the help of a diagrammatic technique, and (very important)
all diagrammatic results of equilibrium theory can be easily incorporated.
Retardation effects are conveniently taken into account by two-time Green
functions. And, ... finally, one can always go back to the density matrix when
necessary.

It is important to note, that the single-particle density matrix (93] should
not be mixed up with the density matrix in the basis of many-body eigenstates.

In these review we consider different methods. The density matrix can be
determined from the master equation. For Green functions the EOM method
or Keldysh method can be applied. Traditionally, the density matrix is used
in the case of very weak system-to-lead coupling, while the NGF methods
are more successful in the description of strong and intermediate coupling to
the leads. The convenience of one or other method is determined essentially
by the type of interaction. Our aim is to combine the advantages of both
methods.
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3.2 Nonequilibrium Green functions: definition and

properties

In the previous section we found, that the current through a system (as well
as other observables) can be expressed through nonequilibrium Green func-
tions. Here we give the definitions of retarded, advanced, lesser, and greater
Green functions and consider some simple examples. We also introduce a very
important concept of the Schwinger-Keldysh closed-time contour, and define
contour Green functions. This section is a little bit technical, but we need
these definitions in the next sections.

3.2.1 Spectral - retarded (G?) and advanced (G*) functions
(i) Definition
Retarded Green function for fermions is defined as
GEttn,t2) = —i0(ts — a)  [ealtn) chie2)] ), (201)

where ¢/, (t), c,(t) are creation and annihilation time-dependent (Heisenberg)
operators, [¢,d]; = cd + de is the anti-commutator, (...) denotes averaging
over equilibrium state.

We use notations «, 3, ... to denote single-particle quantum states, the
other possible notation is more convenient for bulk systems

G(ar,w2) = —i0(ts — t2) [e(@1), e (22)] , ), (202)
where x = r,t,0,... or x = k,t,0,..., etc. Some other types of notations can

be found in the literature, they are equivalent to (20T)).
The advanced function for fermions is defined as

Gy (1, 12) = 10(t> — 1) <[ca<m, chit2)] +> . (203)

Finally, retarded and advanced functions for bosons can be defined as

GRy(t, ta) = —if(t1 — t2) <[aa(t1), ag(tz)} > : (204)

GAy(tr,ta) = i0(ts — 1) <[aa(t1), ag(tg)} _> , (205)

where al,(t), a,(t) are creation and annihilation boson operators, [a,b]_ =
ab — ba is the commutator.



48 D. A. Ryndyk, R. Gutiérrez, B. Song, and G. Cuniberti
(ii) Discussion of averaging

The average value of any operator O can be written as (O) = (t|O5|t) in
the Schrédinger representation or (O) = (0|0 (¢)|0) in the Heisenberg rep-
resentation, where |0) is some initial state. This initial state is in principle
arbitrary, but in many-particle problems it is convenient to take this state as
an equilibrium state, consequently without time-dependent perturbation we
obtain usual equilibrium Green functions.

In accordance with this definition the Heisenberg operators cq (%), cTﬁ(t),
etc. are equal to the time-independent Schrodinger operators at some initial
time to: ¢o(to) = ca, etc. Density matrix of the system is assumed to be
equilibrium at this time p(tg) = fpeq. Usually we can take to = 0 for simplicity,
but if we want to use ty # 0 the transformation to Heisenberg operators
should be written as

fH (t) — eiﬁ(t*to)fsef’if{(tfto)' (206)

In fact, the initial conditions are not important because of dissipation
(the memory about the initial state is completely lost after the relaxation
time). However, in some pathological cases, for example for free noninter-
acting particles, the initial state determines the state at all times. Note also,
that the initial conditions can be more convenient formulated for Green func-
tions itself, instead of corresponding initial conditions for operators or wave
functions.

Nevertheless, thermal averaging is widely used and we define it here explic-
itly. If we introduce the basis of exact time-independent many-particle states
|n) with energies E,,, the averaging over equilibrium state can be written as

(0) = %Z ¢~ En/T <n OH(t)’ n> L Z=Y T (207)

In the following when we use notations like <O> or <W ’O(t)’ u7>, we as-

sume the averaging with density matrix (density operator) p

<O> — 5p (pé) , (208)
for equilibrium density matrix and Heisenberg operators it is equivalent to
2aD).

(iii) Free-particle retarded function for fermions

Now consider the simplest possible example — retarded Green function for
free particles (fermions).



Green function techniques in the treatment of quantum transport 49

The free-particle Hamiltonian has equivalent form if one uses Schrédinger
or Heisenberg operators

H= Z €allCo = Z €ach (t)ca(t), (209)

[e3

because (here we assume ¢y = 0)

CL(t)CQ (t) _ eiﬁtc’&e—iﬁteiﬁtcae—iﬁt
emtcj;caefim = cha, (210)

where we used that cha is commutative with the Hamiltonian H = Za €a cha.
From the definitions (201) and 207)

<[ca(t1),cfﬁ(t2)} > = (caltr)eh(ta) + chit2)ealtr) ) =

— <eiﬁt1 Ca (tl)e—iﬁtl ethgc% (t2)e—iﬁt2 + eiﬁtg CTB (tz)e—iﬁtgeiﬁtl Ca (tl)e—iﬁt1> —

+

_ giepta—icats <CQC% 4 Cgca> = etealtizta)g o (211)

G}(jﬁ (tl, tg) = —i@(ﬁl — tg) < [Ca (tl), Cg(fz)} +>
= —if(t; — to)e (i t2)g, o (212)

where we used some obvious properties of the creation and annihilation op-
erators and commutation relations.

We consider also the other method, based on the equations of motion for
operators. From Liuville — von Neuman equation we find (all c-operators are
Heisenberg operators in the formula below, (¢) is omitted for shortness)

deg(t)
i~ fea(t), H]_ = 5 [carclies]
B
:Z €3 (cacgc[g — CgCQCa> :Z €3 (cac%c[; + CTBCQCQ)
B B
:Zeg (cacg + CECQ) 0522655(1505:6&0&@), (213)
B B

so that Heisenberg operators for free fermions are

calt) = e ete, (0), () = ePetel (0). (214)
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Substituting these expressions into (201]) we obtain again (2I2]). Note also
that if we take ¢y # 0, then Heisenberg operators for free fermions are

calt) = et t=t0)e (10),  cf (1) = ettt (1), (215)

but the result for the Green functions is just the same, because

<[ca(t1),cg(tg)}+> - <ca(t1)cg(t2) + cg(tz)ca(t1)> —
_ eieg(tg—to)—iea(h—to) <Co¢czj + Cgca> — e—iea(h—tz)é‘aﬁ' (216)

It is interesting to make Fourie-transform of this function. In equilibrium
two-time function Gfﬁ (t1,t2) is a function of the time difference only, so that
we define transform over time difference (1 — t2)

GR(e) = / GR (1 — ta)elHD —t) g _ 1), (217)
0

we add infinitely small positive complex part to € to make this integral well
defined in the upper limit (this is necessary for free particles without dissi-
pation because function ([2I2)) oscillates at large times 7 = ¢; — t2 and the
integral (2I7) can not be calculated without 40 term. Then we obtain

)
R af 2
= . 1
Gaﬁ (6) P € i0 ( 8)

More generally, transformation (2I7) can be considered as the Laplas

transformation with complex argument z = € + in).
For advanced function

Gay(tr,t2) = i0(ty — ty)e e 17125 5, (219)

the Fourier transform is given by
0 . .
GA(e) = / GA(ty — t)ei =0 tB=t2) g(g, _ 4. (220)

with other sign of the term 0.

(iv) Spectral function

Finally, we introduce the important combination of retarded and advanced
functions known as spectral or spectral weight function

Aaple) =i (Gls(e) — Gis(e)) (221)
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in equilibrium case Fourie-transformed retarded and advanced functions are

complex conjugate G4 (¢) = (GR(e))*, and Aag(e) = —QImeﬁ(e).
For free fermions the spectral function is

_ Oap _

The result is transparent — the function A.p(€) is nonzero only at particle
eigen-energies, so that

ple) = _SpAaﬁ Z Aaale Z d(e — €a) (223)

is the usual energy density of states. Note that the imaginary part 0 is
necessary to obtain this result, thus it is not only mathematical trick, but
reflects the physical sense of the retarded Green function.

If we introduce finite relaxation time

Gly(r) = —i0(7)e " T 5, (224)

then the spectral function has familiar Lorentzian form

2’7&16
Aap(e) = [CEPREETES (225)

Finally, spectral function has a special property, so-called sum rule, namely

/ e __JM (226)

3.2.2 Kinetic - lesser (G<) and greater (G~) functions
(i) Definition

Spectral functions, described before, determine single-particle properties of
the system, such as quasiparticle energy, broadening of the levels (life-time),
and density of states. These functions can be modified in nonequilibrium
state, but most important kinetic properties, such as distribution function,
charge, and current, are determined by lesser Green function

GZsltr te) =i <cg(t2)ca(t1)> . (227)

Indeed, density matrix is the same as equal-time lesser function

pas(t) = (ch()ealt)) = —iG4(t,1). (228)
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the number of particles in state |a) (distribution function) is
na(t) = (ch(t)ea(t)) = —iGE (1), (229)

the tunneling current is

70 =3 [Var (e 0en(0)) — Vi (el 9hea )]
kq
= 2—;Re > VaGr,t1) | - (230)
kq

In addition to the lesser the other (greater) function is used

Gzﬁ(tl,tg) = —1 <Ca(t1)cg(l€2)> . (231)

For bosons lesser and greater functions are defined as
Gyt te) = —i <ag(t2)aa(t1)> , (232)

Goy(ty,ta) = —i <Ga(t1)a%(t2)> : (233)

The name ”lesser” originates from the time-ordered Green function, the
main function in equilibrium theory, which can be calculated by diagrammatic
technique

Gapltastz) = =i (T (calti)eh(t2) ) (234)

i <ca(t1)cg(t2)> it 6>t Gap =G
Gap(ti,ta) = (235)
¢<cg(t2)ca(t1)> it t <ty Gap =G
here additional sing minus appears for interchanging of fermionic creation-
annihilation operators. Lesser means that t; < ts.

From the definitions it is clear that the retarded function can be combined
from lesser and greater functions

Gls(t1,ta) = 0(t1 — t2) |GLg(t1, ) — Gap(ta, ta)| - (236)

(ii) Free-particle lesser function for fermions

Now let us consider again free fermions. Heisenberg operators for free fermions
are (to = 0) _ _
ca(t) = e te (0), ¢l (t) = eetel (0). (237)
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Lesser function is

Gopltr o) =i (ch(t)ealtr) ) = deimieott (cle, )

= e "o =t) f0c )5, (238)

one sees that contrary to the retarded function, the lesser function is propor-
tional to the distribution function, in equilibrium this is Fermi distribution
function

1
e 41
It is interesting to compare this answer with the result for nonthermal
initial conditions. Assume that initial state is described by the density matrix

fe) = (239)

P 5= <c},ca>, now with nonzero off-diagonal elements. Time dependence of

the density matrix is given by
pas(t) = elleomealtph (240)

We obtain the well known result that off-diagonal elements oscillate in time.
Now define Fourier-transform for lesser function (7 = t; — t3)

G<(e) = / G=(r)e'letiosian(mlr gr, (241)

note that here we use Fourie-transform with complicated term ¢0sign(r),

which makes this transformation consistent with previously introduced trans-

formations [2I7) for retarded (7 > 0) and [(220) advanced (7 < 0) functions.
Applying this transformation to ([238]) we obtain

R o e
= 27Tif0(ea)5(e — €0)0a- (242)

For free fermion greater function one obtaines
GZ(t1,t2) = —ie ™17 (1 %(eq))dap, (243)

G 5(e) = —2mi(1 - fO(ea))d(e — €4)dap- (244)

(iii) Equilibrium case. Fluctuation-dissipation theorem

Now we want to consider some general properties of interacting systems. In
equilibrium the lesser function is not independent and is simply related to
the spectral function by the relation
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Gople) = idap(e) f (e). (245)

This relation is important because establish equilibrium initial condition for
nonequilibrium lesser function, and propose useful Ansatz if equilibrium dis-
tribution function f9(e) is replaced by some unknown nonequilibrium func-
tion.

Here we prove this relation using Lehmann representation — quite useful
method in the theory of Green functions. The idea of the method is to use
exact many-particle eigenstates |n), even if they are not explicitly known.

Consider first the greater function. Using states |n) we represent this func-
tion as

G2yt t2) = —i <ca(t1)cg(t2)> - —% 3 <n \e*ﬁ/Tca(tl)cg(tz)‘ n> -

= —% Z e P /T (n]cq|m) <m|cg|n)ei(E"7E’")(tl*t2). (246)

nm
In Fourie representation

G2, (c) = —% e~ BoIT (gl calm)(mlch|n)(En — Em+e).  (247)

nm
Similarly, for the lesser function we find

2w

Giﬁ(e) = eiE’"/T<n|cTB|m><m|ca|n>5(Em — E, +e). (248)

nm

Now we can use these expressions to obtain some general properties of
Green functions without explicit calculation of the matrix elements. Exchang-
ing indices n and m in the expression ([248) and taking into account that
FE,, = E,, — € because of delta-function, we see that

G;ﬁ(e) = —efE/TGzﬁ(e). (249)
From this expression and relation (236]), which can be written as
Aasle) =i [G24(6) - GE5(0 (250)

we derive (245]).

3.2.3 Interaction representation

In the previous lectures we found that nonequilibrium Green functions can
be quite easy calculated for free particles, and equations of motion for one-
particle Green functions (the functions which are the averages of two creation-
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annihilation operators) can be formulated if we add interactions and time-
dependent perturbations, but these equations include high-order Green func-
tions (the averages of three, four, and larger number of operators). The
equations can be truncated and formulated in terms of one-particle Green
functions in some simple approximations. However, systematic approach is
needed to proceed with perturbation expansion and self-consistent methods
(all together is known as diagrammatic approach). The main idea of the dia-
grammatic approach is to start from some ”simple” Hamiltonian (usually for
free particles) and, treating interactions and external fields as a perturbation,
formulate perturbation expansion, and summarize all most important terms
(diagrams) in all orders of perturbation theory. The result of such procedure
gives, in principle, nonperturbative description (ordinary mean-field theory is
the simplest example). The starting point of the method is so-called interac-
tion representation.

Let us consider the full Hamiltonian H as the sum of a free-particle time-
independent part Hy and (possibly time-dependent) perturbation V(t) (note
that this ”perturbation” should not be necessarily small)

H=Hy+ V(1) (251)
We define new operators in interaction representation by
fl(t) — eiHothe—iH0t7 (252)

where fs is the time-independent Schrédinger operator. This is equivalent
to the time-dependent Heisenberg operator, defined by the part Hy of the
Hamiltonian. For a free-particle Hamiltonian Hy the operators f!(¢) can be
calculated exactly.

A new wave function corresponding to ([252]) is

ol (1) = eHotyS (), (253)

It is easy to see that transformation (252)), [253) is unitary transformation
and conserves the average value of any operator

(5| f5195) = (@ | 1) (254)
Substituting (253]) into the ordinary Schrodinger equation, we derive the
equation

=V, 255
i =) (255)
where VI (t) = ¢iHot /S (t)e~iHot ig in the intreraction representation.
Equation (255]) seems to be quite simple, however the operator nature of V'
makes this problem nontrivial. Indeed, consider a small time-step At. Then
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U(t+ At) = [1 —iVS@)At| W(t) = expV DAL (1), (256)

linear in At term can be transformed into the exponent if we understand the
exponential function of the operator in the usual way

i O 1.
exp? =1+ A+ 5/12 o AT (257)

and assume that only linear term should be taken at At — 0.
If we now repeat this procedure at times ¢; with step At, we obtain finally

wl(t) = S(t, to) W (to), (258)
with .
S(t.to) = [ exp (_Wf(ti)m), (259)

ti=to

t

this product, however, is not simply exp (—i / v (t’)dt’) in the limit At —
to

0, because operators V! (¢') are not commutative at different times, and for

two noncommutative operators A and B eAtB £ edel.

In the product ([259) operators at earlier times should be applied first,
before operators at later times. In the limit At — 0 we obtain

S(t,to) = Texp <—z‘/t Vl(t’)dt’> , (260)

to

where T is the time-ordering operator (”-” for fermionic operators)
S A(t)B(ta) if t1 > to,
T (A(t)B(t2)) = (261)
:l:B(tQ)A(tl) if  t < tg.

Of cause, expression ([260) is defined only in the sense of expansion (257).
Consider for example the second-order term in the time-ordered expansion.

T Utt Vf(t')dt’r :T[ ttfﬂ(t’)dt’ /t Vf(t”)dt”] =

to
t t’ . R t t"’ R R
= / dt’ / dt"VIOHvI") + / dt"” / dt'vVIvIi).
to to to to
(262)

If we exchange t' and " in the second integral, we see finally that
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T [ / t Vl(t’)dt’r =2 /t t dt’ /t ' "V VI, (263)

to

(i) Properties of S(t,to)

S is the unitary operator and

STt to) = ST(t,to) = T exp (z / t Vl(t’)dt’) : (264)

to

where T is time-anti-ordering operator. Some other important properties are

S=1(t, to) = S(to, t), (265)
S(ts, t2)S(ta, t1) = S(ts, t1), (266)
S (tg, 1) (ts, ta) = S~ Y(ts, t1). (267)

Finally, we need the expression of a Heisenberg operator, defined by the
full Hamiltonian H = Hy + V (), through an operator in the interaction rep-
resentation. The transformation, corresponding to ([258), is given by

FH(t) = emiHoto G211 10) f1 ()8 (t, to)e'Hoto, (268)

and the state W!(ty) is related to the Heisenberg time-independent wave
function by

Wl (tg) = Moo (1) = e Hotog !, (269)

in accordance with our previous discussion of averaging we assume that at
time t = to Heisenberg operators coincide with time-independent Schrédinger
operators fH (ty) = f°, and Schrédinger wave function coincides at the same
time with Heisenberg time-independent wave function ¥ (ty) = ¥ . To avoid
these additional exponents in [268]) we can redefine the transformation to the
interaction representation as

ff(t) _ eiHO(t—to)fSe—iHO(t—to), (270)

in accordance with the transformation (206)) for time-independent Hamilto-
nian. Previously we showed that free-particle Green functions are not de-
pendent on ty for equilibrium initial condition, if we want to consider some
nontrivial initial conditions, it is easier to formulate these conditions directly
for Green functions. Thus below we shall use relations

fH(t) = g_l(tv tO)fI(t)g(tv to), (271)

and
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wl(tg) = wo(ty) = wh. (272)

(ii) Green functions in the interaction representation

Consider, for example, the lesser function

Gyt tz) = i (el(ta)ealtr)) =i (9

cl(ta)ca (tl)’ vy, (2m)

c-operators here are Heisenberg operators and they should be replaced by
operators c!(t) = &(t) in the interaction representation:

GSyltits) = i <ng ‘S*l(tz,to)ag(tQ)S(tQ,to)s*(tl, t0)Za (11)S (11, to)’ ng>
A (274)
Using properties of S operators, we rewrite this expression as

Gglta to) = <S‘(t0, t2) &l (t2) S (t2, t1)Za (t1) S (t1, t0)> . (275)

3.2.4 Schwinger-Keldysh time contour and contour functions
(i) Closed time-path integration

Now let us introduce one useful trick, so-called closed time-path contour of
integration. First, note that the expression of the type

FH() = §7M (1, 10) 108 (1, 10) = T o V1 {1 (e o VIO - (976)
can be written as

FH(t) = Tg, exp (—i /C t f/l(t’)dt’> (@), (277)

where the integral is taken along closed time contour from ¢y to ¢t and then

back from t to tg
t to
/ dt’ = / dt’ + / dt’, (278)
Cy to t

contour time-ordering operator T, works along the contour Ci, it means
that for times ¢ it is usual time-ordering operator T', and for times ¢ it is
anti-time-ordering operator 7'. Symbolically

Te, / dt' =T / dt' +T / dt'. (279)
Cy — —
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Consider now the application of this closed time-path contour to calcu-
lation of Green functions. It is convenient to start from the time-ordered
function at to > ¢

<T (B(fz)fi(fl))> = <g(f07t2)f3(t2)g(f2, tl)A(tl)g(tlatO)> ; (280)

here A(t) and B(t) are Heisenberg operators, A(t) and B(t) are operators in
the interaction representation, in the case of fermionic operators the addi-
tional minus should be added for any permutation of two operators.

Using the properties of the S‘—operator, we transform this expression as

<S‘(t0,t2) (t )S(t2utl)14(tl)g(tlat0)>:<‘§ (t2,t0)B(t2)S (ta, t1) At )S(tl,to)>

S A(t
- <s—1(oo,t0)§(oo t2)B(t2)S (b2, t1) A(t1)8 (1, to > < ( )>
(281)
where we defined operator o
$ = 8(c0, to). (282)

Using contour integration, it can be written as

(T (B(t)A())) = (Te (8cBU)AMD)) ), (283)

S = Teexp (-i /C Vi (t’)dt’> : (284)

contour C goes from ¢ trough ¢; and ¢2, and back to ¢y. IfAtQ > tq it is E)bvious
that contour ordering along C'— gives the terms from S(¢1,t0) to B(t2) in
([280). The integral over the back path C*~ gives

Tc exp <—2L f/f(t’)dt’) = Texp <—i/: f/f(t’)dt’) =
~ Texp (z /t t Vf(t')dt') = 5k, t0) = S(to, t2). (285)

For t2 < t; the operators in (280) are reordered by T-operator and we
again obtain (283]).

The lesser and greater functions are not time-ordered and arguments of
the operators are not affected by time-ordering operator. Nevertheless we
can write such functions in the same form (283). The trick is to use one
time argument from the forward contour and the other from the backward
contour, for example

(B(t2)Ah)) = (Te (SeB(t:)AW)). (286)
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here the time ¢, is always before ts.

(ii) Contour (contour-ordered) Green function

Now we are able to define contour or contour-ordered Green function — the
useful tool of Keldysh diagrammatic technique. The definition is similar to

the previous one

where, however,

Gop(ri,m2) = —i <Tc (ca(n)cL(Tz))> : (287)

71 and 79 are contour times. This function includes all

nonequilibrium Green functions introduced before. Indeed, depending on con-

tour position of

times we obtain lesser, greater, or time-ordered functions

(below we give different notations used in the literature)

Ggﬁ(ﬁﬁz) =

T, €C™ i <Tca(t1)cg(t2)> — G or GT(t, 1),
neC el —i{calt)d(t)) = GV or G (h,ta),
neC neC i(db)at)) = G o GX(h,ta),

T, € C i <Tca(t1)cg(t2)> — Gt oor GT (1, 1).
(288)

These four functions are not independent, from definitions it follows that

G<+G” =GT + 67, (289)

and anti-hermitian relations

GT4(t1,t2) = —GT 5, (t2 1), (290)
G;ﬁ(tla t2) = _G<Za(t25 tl)) (29]‘)
Gyt ta) = =G 5, (L2, ). (292)

It is more convenient to use retarded and advanced functions instead of
time-ordered functions. There is a number of ways to express GF and G4
through above defined functions

GR=0(t —t2) [G" -G =GT —G< =G~ - @7, (293)

G =0ty —t) [G°-G"] =GT —¢" =G -GT. (294)
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(iii) Contour Green function in the interaction representation

In the interaction representation one should repeat the calculations performed
before and given the expressions (275), ([280), and then replace usual times
by contour times 7, so we obtain

(Te (calm)eh(m2))) = (Te (S(r0,72)e (72)8(r2, m)éa(m)S(m,m0) ) )
(295)

Using contour integration, it can be written as

GgB(Tl,TQ) = —4 <Tc (ca(ﬁ)cg(m))> = — <TC (Scéa(Tl)éTB(Tg))> ,
(296)

S = Teexp (—i /C Vi (t’)dt'> . (297)

3.3 Current through a nanosystem:
Meir- Wingreen-Jauho formula

Now we consider the central point of the NGF transport theory through
nanosystems - the Meir-Wingreen-Jauho current formula [130} 131 [107]. This
important expression shows that the current can be calculated, if the spectral
and kinetic Green functions of the central system are known, and it is exact
in the case of noninteracting leads. The details of the derivation can be found
in the above cited papers, so we only briefly outline it.

(i) Derivation by the NGF method

In the absence of interactions in the leads (besides the tunneling) one can
derive the following exact expression for the lead-system function:

Giane() =2V, e |GEs(070 () + Gyt ()], (298)

where g5 (€) and g}, () are Green functions of isolated leads, Substituting
it into (98], we obtain for the current

2e [ de N
3 =% [ R | 3 VinoaVis [G5(095,(0) + G50, (0
ko,a
(299)
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For equilibrium right or left lead Green functions we obtain directly

Gro(ts —t2) =i <Cza(t2)0ka(t1)> = i f2 (ko) R teR)timta), (300)

gfg(fl —ty) = —if(t; — ta) <|:Cka'(tl)7 CLU(Q)} +> — —z’6‘(t1 _ t2)e—i(€ko+€¥7)(t1—t2)7
(301)

G (t1 — t2) = i0(t2 — 1) <[Cka(t1), CLO—(Q)} +> = if(ty — ty)e (R teR)imta),
(302)

or after the Fourier transform

Jro(€) = /ngg(tl —t2)e" M) () — to) = 2mif2(ero)O(e — € — €4p),

(303)

070 (€) = ~2il1 = f2{eko)Jo(e — ens — ), (304)
o) = (305)
() = (306)
726 =~ (307)

exp(6 “")—|—1'

Using the level-width function (below without spin polarization of the
leads)

Fier(r)(€) = Liap(e) = 27 Z Viko,sViko,a0(€ = €ikg) = 2 Z pic(€)Vie,3(€)Vig a(€),

(308)

and changing the momentum summation to the energy integration Z = / pler)deg,

k
we obtain the following expression for the current

Ji:L,R = % ;l—;Tl“ {I’i(e — ecpi) (G<(€) + fzo(é — ecpi) [GR(E) — GA(E)})} N

(309)
where f! is the equilibrium Fermi distribution function with chemical po-
tential p;. Thus, we obtain the well-known Meir-Wingreen formula. Note,
that we use explicitly the electrical potential of the leads in this expression.
It is important to mention, that at finite voltage the arguments of the left
and right level-width functions are changed in a different way, which means,
in particular, that the known condition of proportional coupling I', = Mg
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can be fulfilled only in the wide-band limit, when both functions are energy
independent.

(ii) Different forms of the MWJ formula

In a stationary state Jp = —Jr = J and one can use the symmetric form
e de <
J= o %Tr{ {FL(e—egaL)—FR(e—&pR)}G (e)+
+[Tu(e = epn) fie — eor) = Tle — epn) fie — epn)| [G™(e) - G (e)] }
(310)

For the proportional coupling I'z(e) = A'r(€) in linear response (¢; de-
pendence of I is ignored!)
2e [ de
5 =3 [ (18 cpn) = e eom)] o

I't(e)I'r(e)
- LR A(e)).

FL (6) + FR(E)

(311)
A = i(GF—G4) is the spectral function. This expression is valid for nonlinear
response if the energy dependence of I' can be neglected (wide band limit).

(iii) Noninteracting case

Finally, in the noninteracting case it is possible to obtain the usual Landauer-
Biittikier formula with the transmission function

T(e) = Tr [I'L(e — epr)GR () Tr(e — epr) G (e)] . (312)

This expression is equivalent to the one derived earlier by the single-particle
Green function method.

We should stress once more that this formula is valid for finite voltage.
Therefore, the voltage dependence of the level-width functions is important.

3.4 Nomnequilibrium equation of motion method

Now we start to consider the case of interacting nanosystems. Although the
MWJ current formula is exact, the problem to find the Green functions of
the central region is sometimes highly nontrivial. At the present time there
are several techniques developed to solve this problem.

Nonequilibrium equation of motion (NEOM) method is the simplest ap-
proximate approach. In spite of its simplicity, it is very useful in many cases,
and is very convenient for numerical implementation. In this section we con-
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sider only a general formulation, some particular examples are considered
further.

We start from the general definition of a Green function as the average of
two Heisenberg operators A(t) and B(t), denoted as

(A, B(t2)>>R’A’< .

The particular definitions of the averages for spectral and kinetic functions
are

<<A(t1),B(t2)>>R — —ib(t, — t2)< [A(tl),é(tz)L>, (313)

where upper sing here and below is for boson functions, lower sing for
fermions,

<<A(t1),3(t2)>>< = —i(A(), B(t>)). (314)

The equations of motion for NGF are obtained from the Heisenberg equa-
tion of motion for operators

i 25— [A, H} = Al -HA, (315)
for any Heisenberg operator A(t). Here and below all Hamiltonians are time-
independent. We consider the stationary problem.
(i) Spectral (retarded and advanced) functions
Let us start from a retarded function

<<A(t1),B(t2)>>R = —if(ts — t2)( [A(tl),é(tg)}$>. (316)
Taking the time derivative we obtain

ia%«/i(tl), B(t2)>>R —5(t, — t2)< [A(tl), B(tl)} ¢> n << [A(tl), H} B B(t2)>>R,
(317)

where the first term originates from the time-derivative of the §-function, and
the equation (BIH) is used in the second term.
In the stationary case the Fourier transform can be used

com(a 8 = ([as] )+ {[aa] )"

Now let us assume that the Hamiltonian can be divided into ”free particle”
and interaction” parts H = Hy + Hy, and [A, Ho]- = éA. (The simple
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example. For the free particle Hamiltonian Hy = > 3 Egdgdg and the operator

A=dJ, one has [A, Ho]_ = Y, epldl,,dlyds]- = ead],, é0 = eq is simply a

number. In general, ¢ is some time-independent operator). So that

crnao(a8)! = ([a8] )+ ([ai] 8)"

the second term includes interaction and can not be easy simplified.
It is convenient now to introduce the ”free particle” function gZ as a
solution of the equation

(e 41in —&)gt = 1. (320)
Now we multiply the right and left parts of (3I9) by §Z. Using the function

§f(t) = [ e " 4= we can write the time-dependent solution of BIT) as

(A, B =g7 - ([ B)])
+/gR(t1 - [A(t’),ﬁl}i,é(tg)»j%dt’. (321)

(ii) EOM on the Schwinger-Keldysh contour

The calculation of the lesser functions by the EOM technique requires some
care. To demonstrate it let us compare the EOM for retarded and lesser
functions of free particles.

The equation for go% is (assuming the diagonal matrix é,3)

(e +1in — €a) 9ils = bap, (322)

from which the free-particle Green function is easily obtained.
At the same time for the lesser function we have the equation

(e — €a) gsﬁ =0, (323)

from which, however, the free-particle lesser function g3, = 27 fo(€)d(e —
€a)0ap can not be obtained.

The problem can be generally resolved by using the EOM on the Schwinger-
Keldysh time contour. Contour-ordered Green function is defined as

(G B(72)>>C = —i(T.(A(n), B(r2)) ), (324)

where A(71) and B(ry) are two Heisenberg operators, defined along the con-
tour.
Taking the time derivative we obtain the equation
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0

(325)

in the stationary case this equation can be formally solved if one applies
the Fourier transform along the contour, or perturbation expansion in the
interaction representation (Niu et al. 1999). Using the free particle solution
G (11 — 72) we can write the time-dependent solution as

(A B ) =3¢ - m)([Atr). B )

+/g0(n - [A(T'),ﬁl}_,3(72)>>cd7'. (326)
(iii) Kinetic (lesser) function

Applying now the Langreth rules (see the next section for details), which
shows, that from

0(7'1,7’2)—/CA(Tl,Tg)B(Tg,TQ)dTg (327)

it follows

CB(t1,t2) = [ AR(t1,t3)BE(t3,t2)dts, (328)
C<(t1,t2) = [ (AR(t1,t3)BR(t3,t2) + A<(t1,t35) BA(t3,12)) dts, (329)

we get (B2I) for the retarded function, and
(A Be))" = 5%t - ([, B )
+ [ 6" - o) [Aw), i 7,B(t2)>><dt’
+/g<(t1 -)( {A(t’),ﬂl}i,B(tg)»Adt’ (330)

for the lesser function. And the Fourier transform is

(a8)” =ar([a8] )rar([am] B +as([am] 8)"

(331)

¢6_T1<<A(ﬁ), B(TQ)>>C — 5 — 72)< [A(ﬁ), B(ﬁ)} $> n << [A(ﬁ), H] B B(Tz)>>c,
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3.5 Kadanoff-Baym-Keldysh method

Now we review briefly the other approach. Kadanoff-Baym-Keldysh (KBK)
method systematically extends the equilibrium many-body theory to the
nonequilibrium case. Potentially, it is the most powerful approach. Below
we give a simple introduction into the method, which is currently actively
developed.

(i) Perturbation expansion and diagrammatic rules for contour functions

We found that Green functions can be written in the interaction represen-
tation with a help of the S-operator. For example, time-ordered fermionic
Green function is

GLy(tr ta) = — i <T (ca(tl)c;(tz)» = <S’_1T (5a(t1)ag(t2)§)>, (332)

using "usual” S-operator

S = S(00,tg) = Texp (—i /Oo Vf(t')dt’) , (333)

to

" Gla(t,t2) = =i (Te (Galtr)eh(57)50) ) (334)

using ”contour” Sc-operator

So = Teexp (—z’ /C Vl(t’)dt’> . (335)

We first consider the zero temperature case, when one can set ty) = —oo,

o0
S = S(00, —00) = T exp <—z/ Vl(t/)dt’> ) (336)
— 00

and assume that interaction is switched on and switched off at ¢ — +oo
adiabatically. This condition is necessary to prevent excitation of the system
from its ground state. The other necessary condition is that the perturbation
is time-independent in the Schrédinger representation. In this case if the
initial state | (t = —o0)) = |¥p) is the ground state (of free particles), then
the final state |¥(t = +00)) = S|@0) = ¢|W0) is also the ground state, only
the phase can be changed. Now, using the average value of the S-operator

(S) = (WO S|w0) = " (POw0) = €, (337)

we obtain
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S|w%) = (S)|w°), (338)

and
(v

(5)

WwO1§—1 = (339)

So that (332) can be written as

Gly(ti, ) = —i . . (340)

Now we can expand the exponent (note that S-operator is defined only in
the sense of this expansion)

S:Texp(—z’/ Vi ) TZ / dth.. / dt!, Vi) VI,

(341)

and numerator and denominator of the expression ([B40) are

<T (aa(tl)é},(tg)S*» _ ZOO (—ni')" /OO dt'l,,,/oo dt! <Téa(t1)e},(tQ)Vf(tfl)...Vf(t;)>,
n=0 = J= —oo
(342)

G =3 (_ni!)n /_O:O dt’l.../_o:o al, (V7 (1), V(1)) (343)

n=0

These expressions are used to produce the perturbation series.
The main quantity to be calculated is the contour Green function

G(1,2) = GSy(m1,72) = =i (Te (calr)eh(m)). (344)

where 7 and 7 are contour times. Here 1. = a, 7.

The general diagrammatic rules for contour Green functions are exactly
the same as in the usual zero-temperature technique (we call it standard
rules). The correspondence between diagrams and analytical expressions is
established in the following way.

Open bare electron line is iGy(1, 2).

Closed bare electron line is ng(1) = n{) (11).

Bare interaction line is —iv(1, 2).

Self-energy is —iX(1,2).

Integration over internal vertices, and other standard rules.

A
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(ii) Langreth rules

Although the basic equations and diagrammatic rules are formulated for con-
tour Green functions, the solution of these equation and final results are much
more transparent when represented by real-time spectral and kinetic func-
tions.

As in the ordinary diagrammatic technique, the important role is played
by the integration (summation) over space and contour-time arguments of
Green functions, which is denoted as

/ dl. = za: /C dry. (345)

After application of the Langreth rules, for real-time functions these integrals

become -
/ di=>" / dty. (346)

The Langreth rules show, for example, that from
0(7'1,7’2):/ A(Tl,Tg)B(Tg,TQ)dTg (347)
c

it follows

CR(ty,t2) = [ AR(t1,t3)BE(t3,t2)dts, (348)
C<(t1,t2) = [ (AT (t1,t3)B=(ts,t2) + A<(t1,t3) B (t3,t2))dts. (349)

The other important rules are: from
C(r1,m2) = A(r1,72) B(11, 72) (350)
it follows

CB(t1,t2) = AR(t1,t2) BR(t1, t2) + AR(t1,t2) B<(t1,t2) + A< (t1,t2) BR(t1(8D1)
C< (tl,tg) = A<(t1,t2)B<(t1,t2), (352)

and from

0(7'1,7'2):A(Tl,TQ)B(TQ,Tl) (353)

it follows

CE(ty,ts) = AR(t1,t9)B<(ta, t1) + A<(t1,t2) B (t2,t1), (354)
C<(t1,t2) = A<(t1,t2) B> (t2, 11). (355)
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f

Fig. 15 Diagrammatic representation of the first-order self-energy.

(iii) First-order self-energy and polarization operator

Consider, as an example, the first order expression for the self-energy, shown
in Fig. Following the diagrammatic rules, we find

21(1,2) = 6(1 — 2)/v(1, 3)no(3)d3 + iv(1,2)Go(1,2), (356)

where the first term is the Hartree contribution, which can be included into
the unperturbed Green function Go(1,2). This expression is actually sym-
bolic, and translation from contour (Keldysh-time) to real-time functions is
necessary. Using the Langreth rules, one obtains

YR1,2) =5(11 - 2)/vR(1,3)n0(3,3)d3 +i0f(1,2)GE(1,2)
+iv<(1,2)GE(1,2) + v (1,2)G5 (1, 2), (357)

TE(1,2) = iw<(1,2)Gs(1,2). (358)

There is no Hartree term for lesser function, because the times 71 and 7 are
always at the different branches of the Keldysh contour, and the d-function
0(m — 72) is zero.

In the stationary case and using explicit matrix indices, we have, finally
(T =t1 — t2!, not to mix with the Keldysh time)

V() = 6(1)8as X, 58, (00

af
v (NGO ) + ivS, (NGO (1) + i (NGEW (1), (359)
i) = (NG (), (360)

and we define the Fourier transform of the bare interaction
o (0) = / ol (r)dr. (361)

Finally, the Fourier transforms are
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W =C>

Fig. 16 Diagrammatic representation of the first-order polarization operator.

Zas (€)= bag 300k, (O
v

!
- ’/ ;z_; 0BG (e = &) + (NGRS (e = ) + v (NGRS (e = )]
(362)
<y A <O ,
Top () =1 [ 5-vgs(e)Gop (e —¢€). (363)

The second important function is the polarization operator (”self-energy
for interaction”), showing in Fig. Following the diagrammatic rules, we
find

I1,(1,2) = —iGp(1,2)Go(2,1), (364)

note the order of times in this expression.
Using the Langreth rules,

If4(1,2) = iG§(1,2)G5 (2,1) + G5 (1,2)G5 (2, 1), (365)

5 (1,2) = iGE(1,2)G2 (2, 1). (366)

And in the stationary case, restoring the matrix indices

1550 () = —i |6l G5 (-n + G eV =0 @6n)
1550 (€) = G (NG5 (-7). (368)

In the Fourier representation

d !
Ufg(l)(T) - / i [Gg(o)(el)G;io)(e/ —O+ Gzéo) (6/)G§((lo) (¢ — E)} ,
(369)
d /
350 (r) = —i / iG;ﬂo) (G50 —e). (370)
These expressions are quite general and can be used for both electron-
electron and electron-vibron interaction.

For Coulomb interaction the bare interaction is is v(1,2) = Uasé(1;” —72),
so that
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Fig. 17 Diagrammatic representation of the Dyson equations.

vR(1,2) = Uapd(t] — ta), (371)
v<(1,2) = 0. (372)

(iv) Self-consistent equations
The diagrams can be partially summed in all orders of perturbation theory.
The resulting equations are known as Dyson equations for the dressed Green

function G(1,2) and the effective interaction W(1,2) (Fig. 7). Analytically
these equations are written as

G(1,2) =G0(1,2)+/ Go(1,3)2(3,4)G(4, 2)d3d4, (373)

W(1,2) =v(1,2) + //0(1,3)]](3,4)W(472)d3d4. (374)
In the perturbative approach the first order (or higher order) expressions
for the self-energy and the polarization operator are used. The other pos-

sibility is to summarize further the diagrams and obtain the self-consistent
approximations (Figs. [8T9), which include, however, a new unknown func-

Fig. 18 Diagrammatic representation of the full self-energy.

W=C>

Fig. 19 Diagrammatic representation of the full polarization operator.
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Fig. 20 Diagrammatic representation of the vertex function.

tion, called vertex function. We shall write these expressions analytically,
including the Hartree-Fock part into unperturbed Green function Gy(1,2).

X'(1,2) :i//W(1,3)G(1,4)F(3;4,2)d3d4, (375)

11(1,2) = —i//G(1,3)G(4,1)F(2;3,4)d3d4. (376)

The equation for the vertex function can not be closed diagrammatically
(Fig. 20). Nevertheless, it is possible to write close set of equations (Hedin’s
equations), which are exact equations for full Green functions written through
a functional derivative. Hedin’s equations are equations (373)-([376) and the
equation for the vertex function

I'(1;2,3) :6(1,2)5(1,3)+////G(4,6)G(7, 5)F(1;6,7)%d4d5d6d7.
(377)
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4 Applications

4.1 Coulomb blockade

In Section 2 we have seen that Coulomb blockade phenomena mediated
by electron-electron interactions on a quantum dot can be dealt with in
a straightforward way by using master equation (ME) approaches, which
are based on Fermi’s Golden Rule. [I18, 119} 120, 1211, 132, [67, [133], 134]
However, due to its intrinsic perturbative character in the lead-dot coupling,
ME techniques cannot cover the whole interaction range from weak-coupling
(Coulomb blockade), intermediate coupling (Kondo physics), up to strong
coupling (Fabry-Perot physics). It is thus of methodological and practical
interest to develop schemes which allow, in a systematic way, to describe the
three mentioned regimes also in out-of-equilibrium situations. As stated in
the introduction, we believe that Green function techniques are such a tool;
in this section we will show how a non-equilibrium treatment of the Hubbard-
Anderson model together with appropriate approximations allow us to repro-
duce the well-known Coulomb blockade stability diagrams obtained with the
master equation approach (see also Section 2). For the sake of simplicity we
will deal with the problem of single and double-site dots in the CB regime, al-
though the method can be straightforwardly extended to multi-level systems.
Our purpose is to study the problem of a two site donor/acceptor molecule in
the CB regime within the NEGF as a first step to deal with the phenomenol-
ogy of a rigid multilevel island. The nuclear dynamics (vibrations) always
present in molecular junctions could be then modularly included in this the-
ory. Our method can be calibrated on the well-studied double quantum dot
problem [133] [I35] and could be possibly integrated in the density functional
theory based approaches to molecular conductance. The Kondo regime would
require a separate treatment involving more complex decoupling schemes and
will be thus left out of this review.

The linear conductance properties of a single site junction (SSJ) with
Coulomb interactions (Anderson impurity model), have been extensively
studied by means of the EOM approach in the cases related to CB [136, [137]
and the Kondo effect. [138] Later the same method was applied to some two-
site models. [139] 140} [T4T] Multi-level systems were started to be consid-
ered only recently. [142] [143] For out-of-equilibrium situations (finite applied
bias), there are some methodological unclarified issues for calculating cor-
relation functions using EOM techniques. [144] [69] [66] We have developed
an KEOM-based method which allows to deal with the finite-bias case in a
self-consistent way. [100]
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4.1.1 Nonequilibrium EOM formalism
(i) The Anderson-Hubbard Hamiltonian

We consider the following model Hamiltonian (which can be called the multi-
level Anderson impurity model, the Hubbard model, or the quantum cluster
model)

H= Zeaﬁde[ﬁ— ZU gnang—l—Zelkgcmgczkg—FZ ( mgaclkgd —|—hc)

iko iko,«

(378)
electrical potentials are included into the energies €;xo = €50 + €p;(t) and
gaa = €aa T €Y (t)

This model is quite universal, describing a variety of correlated electron
systems coupled to the leads: the Anderson impurity model, the multilevel
quantum dot with diagonal noninteracting Hamiltonian €3, a system (clus-
ter) of several quantum dots, when the off-diagonal matrix elements of €.
describe hopping between individual dots, and, finally, the 1D and 2D quan-
tum point contacts.

(ii) EOM for Heisenberg operators

Using the Hamiltonian (B78]) one derives

.acika 2 ~
27 = [Cikau H:| _ = €ikoCiko T ; ‘/ika,adau (379)
801 -
8—;? = _elkgczka Z zka’a ou (380)
dd,,
’La— Zeagdg + Z Uaﬁngd + Z kgaclkg, (381)
B B#«a iko
adj .
o z oAl . T
it = > apdly =Y Uapivadl, - vagvaci,w, (382)
B B#a iko
371
at’y = ; |: ‘/zkcr 'yclkgd + ng yd Cikcr:|
+Y Epdlds = Eaydld,. (383)
B o

These equations look like a set of ordinary differential equations, but are,
in fact, much more complex. The first reason is, that there are the equations
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for operators, and special algebra should be used to solve it. Secondly, the
number of ¢;;, operators is infinite! Because of that, the above equations
are not all sufficient, but are widely used to obtain the equations for Green
functions.

(iii) Spectral (retarded and advanced) functions

Now we follow the general NEOM method described in the Section 3. Using
B8, we get the equation for Gf; = —i < [da, dg} +>

€

. ~ 2)R *
(e +iMGEy =Y EarGly = ap+ Y Uan GO +3 Vi, JGR_ 5 (384)
Y y#o iko

which includes two new functions: GSXZ and Gﬁw) -
The equation for GI 5 is closed (includes only the function Gfﬁ intro-

duced before)
(E —+ ZT] — gikg)Gﬁgﬁ = Z ‘/iko,éG(IS%ﬁ- (385)
s

The equation for

GO (11— ta) = (11 — t2) <[da(t1)m(tl), dl(t2)] +>

is more complicated

2)R - 2)R

3’3;5_ ea“sG((H),B = n’Y(SOCﬁ + (5aﬁ - paﬁ)5ﬁv
s

+3° Uas (Aisdaivy; d;>>R + > Vitoa {cirony; d;>>R +
) iko
+Z iTco’,v <<dadjyciko; dTg>>R_Z ‘/ikcr,'y <<dac-irkgd’y; dTg>>R
iko

iko
+3 & (dadlds: d;>>R— > s (dadhdy:d) >>R . (386)
5 5

The equation (B80]) is not closed again and produces new Green functions
of higher order. And so on. These sequence of equations can not be closed in
the general case and should be truncated at some point. Below we consider
some possible approximations. The other important point is, that average
populations and lesser Green functions should be calculated self-consistently.
In equilibrium (linear response) these functions are easy related to the spec-
tral functions. But at finite voltage it should be calculated independently.

(e +1in)G
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(iv) Kinetic (lesser) function

Following the same way, as for the retarded functions (using only the defi-
nitions of NGF and Heisenberg equations of motion) one derives instead of

(384)-(386)
~ 2
€G§5 o Z GO"VG’jﬁ - Z Ua G((x'az Z zka a zko,ﬁv (387)

¥ YH#o iko

(6 - gika’)Gfkgﬁ = Z ‘/ika',sz;g; (388)
1)

GG = easG5 = 3 U (odarini dl )"+

5 Sta
IS SN (PRRED NE SIIY F o
iko iko
5 (ot dT><
iko

+3 e <<dadgd(;;dg>><—zg(;7 (dad}d,; df >>< (389)
§ §

To find leg we should divide the right parts by (¢ — € ), which is
not well defined at ¢ = €iko- In the section 3 we considered the general
prescription to avoid this problem, we use the equation ([B31]), and instead of

([B8])we obtain

Grios = Otte Y VikosGis + 9ine O, Viko s Gi. (390)
5 5

The equations [B81) and ([B89) can be used without modifications because
they include the imaginary parts (dissipation) from the lead terms.

At this point we stop the general consideration, and introduce a powerful
Ansatz for the NGF which is related both to the equation-of-motion (EOM)
method and to the Dyson equation approach. [I00] From the knowledge of
the Green functions we then calculate the transport observables. For clarity,
we first describe our method in the more familiar problem of a single site
junction, which is the well-known Anderson impurity model. Then we apply
it to a double quantum dot. The equations obtained below by the heuristic
mapping method can be obtained straightforward from the general NEOM
equations derived in this section using the same approximations as in the
mapping method.
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4.1.2 Anderson impurity model (single site)

The Anderson impurity model is used to describe the Coulomb interaction
on a single site:

H=Hp+» (Ha+ Hap),

where

1
Hp = Ze de + §Ungn5,

_ § a f
Ha - ek,aca,k,oca,k,o7
k,o

HaD:Z(Vaka' akada+v kad;rf aka’)’
k,o

where d and c¢ are the operators for electrons on the dot and on the left
(v = L) and the right (a« = R) lead, U is the Coulomb interaction parameter,
€5 1s the o level of the quantum dot, while €} , is the spin o level of lead o in &
space, 0 =T, |. With the help of the EOM and the truncation approximation,
we can get a closed set of equations for the retarded and advanced GFs

G2 137, 107

(W= € — YNNG =6, , + UGPN?, (391a)
(w—eo = U = Z/MGEN* = (ng) 0,1, (391b)

where G2 = ((do|dE))/*, GEF/* = ((ngd,|dL))/* and

2
r/a o r/a r/a o |Va,k,a'|
e w) = 22+ 5 Z—w—eg T (392)
a,k 4

are the electron self-energies.

(i) Mapping on retarded Green functions

For retarded GFs, from the EOM method, and with the help of Eqs. (39Tal)
and (391D), we can get

G' = Gy + GHUG?" = G + Gy xPoMa T,

where G" is single-particle GF matrix
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GY . GE
&= (G o).
Gl Gy

and G,(,l,)Tr = G,(,2)Tr/ (nz). GY describes the single-particle spectrum with-
out Coulomb interaction, but including the effects from the electrodes.
YEOM = U(ns) is the Hartree-like self-energy of our model. Since there
is only Coulomb interaction on the site with the levels €, the Fock-like self-
energy is vanishing.

Alternatively, by means of the Dyson equation and the second-order trun-
cation approximation, taking Hartree-like self-energies EET = Ulns) (=
EE?M), we can also get the retarded GFs as follows

G = G§ + Gy Gy, (393)

where G} = G} + GEXHGY is the first-order truncation GF.
Within the level of the second-order truncation approximation, we see that
there is a map between the EOM results and the Dyson results:

Gr =G5+ Gy e (EOM), (394a)
! !
Gr =Gy + Gy 2R Gy (Dyson). (394b)

Egs. (B94) prompts a way to include further many-particle effects into the
Dyson equation, Eq. (394b), by replacing the Dyson-first-order retarded
Green function G with the EOM G(M)7. Then one obtains already the correct
results to describe CB while keeping the Hartree-like self-energy.

(ii) Mapping on contour and lesser Green functions

Introducing now the contour GF G, we can get the Dyson equation as fol-

lows [104} [T05] 106 107]
G =Go+GoXG, (395)

where X is the self-energy matrix. [107]
According to the approximation for the retarded GF in Eq. (393)), we take
the second-order truncation on Eq. ([893]), and then get

G = Go + GoSHE,

where G = Go + Go XM Gy is the first-order contour GF, and G has already
included the lead broadening effects.
Similar to the mapping in Eq. [894), we perform an Ansatz consisting in

substituting the Dyson-first-order Gi/a/< with the EOM one G(1/2/< to
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consider more many-particle correlations, while the EOM self-energy is used
for the Dyson equation for consistency:

G= GQ + GO JH Gl (DySOIl)7
!

1 (396)
G G (EOM).
Then, using the Langreth theorem [I07] we get the lesser GF,
G< = G0< + GBEH,rG(1)< + GégH,aG(l)a
= G§ + GHUGP< + GsUG®? (397)

where Gg/ /< are GFs for U = 0, but including the lead broadening effects,
1.€.

Gi =95 + 902 ~Gj + 95 LG5 + 902" G5

Gg/a _ gé/a _i_gg/azr/aGg/a,

with gé/ /< the free electron GF, and

Er/a/< _ E¥/a/< 0
- 0o /)

Ys =iy  lafa(w),and Iy, =1(X), — X2), fo(w) = f(w—pa), [ is the equi-
librium Fermi function and pu, is the electro-chemical potential in lead «;
Eé/ * are the retarded/advanced electron self-energies from Eq. ([392) and
G,(,{)Tr/ o/< = G((f}r/ a/< /{ns). Performing the same Ansatz on the double-
particle GF, from Eq. (891D) we can get

a@< — G(2)r2(2)<G(2)37 (398)

with X< = ¥</(ns).
The lesser GFs in Eq. (8397) can also be obtained directly from the general
formula [107]
G< =G5 + GHX'GS + Gy X<G* + G§ X*G*,
with the help of the Ansatz in Eq. (390). It should be noted that Eq. (397)
is very different from the lesser GF formula,

G< = G'Y<G?, (399)

with the self-energy X< containing only contributions from the electrodes.
The equation ([B99) is widely used for both first-principle [60, 95| [77] and
model Hamiltonian calculations. [T40)]
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(a) (b) Z(e/h)
2.0
2_
E
29 1.0
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‘ 0.0
2 0 2 e
Ve (V) Ve (V)

Fig. 21 The stability diagram of a SSJ with e, = 2.0eV,U = 4.0 eV, [, = g = 0.05 eV.
(a) The uncorrect result obtained by means of the widely used formula in Eq. (399) for
the lesser GF is not symmetric for levels €5 and ¢ + U. (b) Results obtained by means of
our Ansatz in Eq. M shows correctly symmetric for levels ¢; and €5 + U.

The numerical calculation results of conductance dependence on the bias
and gate voltages by the two different NGF Eqs. (397) and ([899) are shown
in Fig. 2Tl As we can see in the left panel, the adoption of Eq. (399)) results in
an incorrectly symmetry-breaking in the gate potential. This wrong behavior
is corrected in the right panel where Eq. (897) has been used.

Note, that the expressions for the retarded and lesser functions, described
above, can be obtained in a more formal way by the EOM method formulated
on the Keldysh contour.

(iii) Comparison with the master equation result

In the single site model with two (spin-up and spin-down) levels it is possible
to make the direct comparison between our Ansatz and the master equa-
tion methods. For the latter, we used the well known master equations for
quantum dots [TT8] [1T9].

In the Fig.22 the typical curves of the differential conductance as a func-
tion of the bias voltage at fixed gate voltage obtained by the two methods
are shown together: there is basically no difference in the results obtained by
these two methods. In the Fig.[23 the contour plot of the differential conduc-
tance obtained by our Ansatz is shown. We do not present here the contour
plot obtained by the master equation method because it looks exactly the
same.

It is quite clear from the presented figures that our Ansatz and the master
equation method give essentially the same results in the limit of weak coupling
to the leads. The systematic investigation of the deviations between the two
methods at stronger tunneling will be presented in a separate publication.
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Our Ansatz
- - - - Master equatio

0.3
<
“v 021 ; '
aQ
&3\0.1

0.0 _'4 ) 0

Vbias (V)

Fig. 22 (Color) The comparison of the master equation method and our Ansatz for
the differential conductance of the two level model with ¢; = —0.35 eV, ¢ = —0.65 eV,
U=10eV, Vg=10V, I1, =Ir =0.05¢eV.

It is important that our Ansatz can be applied straightforwardly to multi-
level systems in the case when the exact eigenstates of an isolated system are
unknown and the usage of the master equation method is not easy. In this
paper we consider the simplest example of such a system, namely a double
site case.

Z(26'1h)
0.7
0.5

0.2

Vg
Fig. 23 (Color) The stability diagram (the contour plot of the differential conductance)

calculated by our Ansatz for the two level model with parameters as in Fig. The latter
is indicated with a dash line at Vz = 1.0 V.
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4.1.3 Double quantum dot (two sites)

We now return to the investigation of the DSJ system (Fig. 24]) with Coulomb
interaction on each site. The Hamiltonian is expressed as follows,

H = Hp + H; + Y (Ha + Hap),

where
U;
_§ d d. 4+ =
D 61010 za'+2nza'nza'7

Ht = Z (djadja'—’—d;r a'dz cr)
i#],0

E : Ek o a k,o a k,o?
-y i st
HaD o (Va,k,aca,k,adi,a + Va,k,a'di,crca,k,o ’

with ¢, 7 = 1, 2 indicate the site, ¢ is the constant for electron hopping between
different sites.

With the help of the EOM, and by means of the truncation approximation
on the double-particle GFs, we obtain the closed form for the retarded GFs
as follows

r Ut)r 2)(U,t)r U,
(w - 61’,0 - Ei,a)Gl(',a',tj)r = 51 j(sa T+ Ui GE 037, Tt) +1 GE cr,tg T (400&)
(w ~Co T Ui — E{,U)GEQG)(‘]U:) < >61 J(SO' s+t n; Gggtg T (400b)

where the DSJ retarded GF's are defined as

VR

/yR

Fig. 24 (Color) The general configuration of a double site junction. The levels €1 2 with
charging energies Uy 2 are connected via ¢ and coupled to the electrodes via the linewidth
injection rates v}, .
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G = ((d, ,ld! )y, (401)
G = ((n, o d, o ld] ). (402)

Here i means ‘NOT ¢’, and X7 , are the electron self-energy from leads.

From Eqgs. (400a), (400L) and performing the same Ansatz as in the case
of SSJ, we can obtain the DSJ lesser GFs with Coulomb-interaction effects
as follows

G(U’t)<(w) _ (1 + G(U,t)rzg)G(U)<(1 + EtaG(U’t)a) + G(U’t)rEfG(U’t)f403>
with

0t00
t000
000¢t |’
00t0

Sr=5p=

and X = 0. GU< is the DSJ lesser GF with the same form as Eq. (B97),
but taking

Uy 00 0 v 0 0 0
lowyo0 o0 o200
U=loowmol|l Te=|0o0qo0] (404)
00 0 U 0002

where v¢, indicates the line width function of lead « to site i, and U; is the
charging energy at site 4. G*/* and G(?)*/2 are the GF matrix from Eqs. (@00a))
and (Z00D). Here, in order to distinguish different GFs, we introduce the
subscript (U, t)’ for the one with both Coulomb interaction U and inter-site
hopping ¢, while ‘(U)’ for the one only with Coulomb interaction.

For our models, the lesser GFs in Eq. (897), (398) and {@03]), which are
obtained with help of our Ansatz, can also be obtained by the EOM NEGF
formula (B3T]) within the same truncation approximation.

The current can be generally written as [I30]

i d
J= g | ST = TGOS + (L)L — fr(@) RGOV = GV},
T
where the lesser GF is given by Eq. {@03]). The differential conductance is
defined as

oJ

g - aVbias7

where the bias voltage is defined as Vias = (ur — 11.)/e.
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Fig. 25 (Color) The stability diagram of a serial DSJ with €1, = €2, = —0.15 eV,

U =Uz=03¢eV,t=005eV, v =92 =0.02eV, 77 =74 =0 ,Viias = 0.005V. The
maximums of conductance are observed when the levels of the first site (€1,5 or €1, + U)
are overlapped with the levels of the second site (€2, or €2, + U), and with the Fermi
energy in the leads. The splitting of the four maximums is due to the hopping between the
dots.

(i) Serial configuration

By taking 7% = vk = 0, we obtain a serial DSJ, which could describe
the kind of molecular quantum junctions like the ones studied in Ref. [18].
First, at small bias voltages, the conductance with the two gate voltages Vg,
and V, was calculated, and the relative stability diagram was obtained as
shown in Fig. Because of the double degeneracy (spin-up and spin-down)
considered for each site and electrons hopping between the dots, there are
eight resonance-tunnelling regions. This result is consistent with the master-
equation approach. [133]

Further, we studied the nonequilibrium current for large bias-voltages
(Fig. 26). Because €1, and €2, are taken as asymmetric, for the case with-
out Coulomb interaction, the I-V curve is asymmetric for +V},s, and there
are one step and one maximum for the current. The step contributes to one
peak for the conductance. When we introduce the Coulomb interaction to
the system, the one conductance peak is split into several: two peaks, one
pseudo-peak and one dip, while the current maximum comes to be double
split (see Fig. 20). The origin of this is in the effective splitting of the degen-
erate level when one of the spin states is occupied and the other is empty.
When both spin states are occupied, the degeneracy is restored.

This process can be illustrated by the help of Fig. At zero bias-voltage,
€2,0 is occupied and €1, is empty. Then we start to increase the bias voltage.
a) The level ez, + U is first opened for transport. It will contribute the
first peak for conductance. b) Further, the levels €3 , and €1 , come into the
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10

0.05

J (pA)

0. %

0
Vbias (V)

Fig. 26 (Color) Current and conductance vs. bias-voltage of a DSJ far from equilibrium
with parameters €1, = 0.5 eV, e2 5 = —05eV, Uy = Uz =U =0.2¢eV, t = 0.07 eV,
’yi = ’yPZ{ = 0.03 eV, Vg, = — Vg, = Whias/4 and VR = —VL = W,jas/2. The red curve
represents the current, while the blue the conductance. The inset is the blow-up for the
conductance peak split. The dash and dot-dash curves are for current and conductance
with U = 0, respectively.

transport window between the left and the right Fermi levels, resulting in
the second peak. ¢) When the level €; » + U comes into play, only a pseudo-
peak appears. This is because there is only a little possibility for electrons
to occupy the level €; , under positive bias voltage. d) Levels ez , + U and
€1, meet, which results in electron resonant-tunnelling and leads to the first
maximum of the current. Then a new level €; ,+U appears over the occupied
€1, due to the Coulomb interaction. e) The meeting of ez , and €1, results

(@) (b) ©)
5 e+ Ul ‘—g‘ 6 +U 77&‘; e, +U—
i & . E: T &
@ | @ | | €
EHUL Ul g+l tU— e, + Ul
=i % &, - 5 & - _F-‘_l . &

Fig. 27 (Color) The processes involved in the transport characteristics in figure 26 €; =
€1,0, €2 = €2,5, The red line indicates electron resonant-tunnelling. a) The first conductance
peak. b) The second conductance peak. c¢) The pseudo-peak of conductance. d) The first
current maximum, and the red line indicates resonant tunnelling of electrons. e¢) The second
current maximum for electron resonant tunnelling. f) The dip of conductance.
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in electron resonant tunnelling. It means that ¢; , will be occupied, which
leads to the appearance of a new level €; , +U. Then €3 , +U meets €1 o +U
and another resonant tunnelling channel is opened for electrons. The two
channels result in the second current maximum. f) finally, the level ¢; , + U
disappears if the level €; , is empty. This means that a dip appears in the
conductance.

It should be noted that the characteristics of serial DSJ in Fig. have
showed some reasonable similarities to experiments of a single-molecule

diode. [I§]

(ii) Parallel configuration

If on the other hand, the two sites are symmetrically connected to the elec-
trodes, possibly with a small inter-dot hopping, but with charging energies
Uy and Us fixed to different scales for transport. The resulting stability dia-
gram contains both interference effects for parallel pathways and an overlap
of Uy and U, stability diagrams, which we refer to a nesting characteristic.
(see Fig. 28)).

The physics of the weak lines in the figure can be understood by the
help of charging effects. For simplicity, here we would ignore the site index
i. In the region of large positive gate voltage at zero bias voltage, e; and
€, are all empty, which means that the two levels are degenerate. Therefore

z ¢

(V)

1.0

i

Fig. 28 (Color) Nested stability diagram of a parallel DSJ with parameters €1, =
—18eV, €20 = —03 eV, Uy =3.6¢eV, Uz =0.6 eV t=0.001eV, 1 =~ =0.04eV,
’yE = 'ylg{ =0.05¢eV, Vg, = Vg, /2 =V /2 and VR = —VL = Wyjas/2. See discussion in the
text.

bias

V.

-2

VgO(V)
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adding a bias voltage, first, there will be two channels (e; and €|) opened
for current (thick lines). After then, one level €, (spin-up or spin-down) is
occupied, while the other obtains a shift for Coulomb interaction: ez — ez+U.
Therefore, when the bias voltage is further increased to make the Fermi-
window boundary meeting level €5 + U, only one channel is opened for the
current, which results in the weak lines in Fig. 28 which is the characteristic
of CB. The similar case appears in the region of large negative gate voltages.

Finally, we here introduced a powerful Ansatz for the lesser Green func-
tion, which is consistent with both the Dyson-equation approach and the
equation-of-motion approach. By using this Ansatz together with the stan-
dard equation-of-motion technique for the retarded and advanced Green func-
tions, we obtained the NEGF for both the single and the double site junctions
in the Coulomb blockade regime at finite voltages and calculated the trans-
port observables. The method can be applied to describe self-consistently
transport through single molecules with strong Coulomb interaction and ar-
bitrary coupling to the leads.

To test our method, we here analyzed the CB stability diagrams for a SSJ
and a DSJ. Our results are all consistent with the results of experiments and
the master-equation approach. We showed, that the improved lesser Green
function gives better results for weak molecule-to-contact couplings, where a
comparison with the master equation approach is possible.

For the serial configuration of a DSJ, such as a donor/acceptor rectifier,
the I-V curves maintain a diode-like behavior, as it can be already inferred
by coherent transport calculations. [I45] Besides, we predict that as a result
of charging effects, one conductance peak will be split into three peaks and
one dip, and one current maximum into two. For a DSJ parallel configuration,
due to different charging energies on the two dot sites, the stability diagrams
show peculiar nesting characteristics.
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4.2 Nonequilibrium vibrons

Though the electron-vibron model described in the Section II has a long his-
tory, the many questions it implies are not answered up to now. While the
isolated electron-vibron model can be solved exactly by the so-called polaron
or Lang-Firsov transformation [122, [123] [124], the coupling to the leads pro-
duces a true many-body problem. The inelastic resonant tunneling of single
electrons through the localized state coupled to phonons was first considered
in Refs. [125], 126, 127, [128]. There, the exact solution in the single-particle
approximation was derived, ignoring completely the Fermi sea in the leads.
At strong electron-vibron couplings and weak couplings to the leads, satellites
of the main resonant peak are formed in the spectral function (Fig.[TT]). The
number of the relevant side-bands is determined by the well known Huang-
Rhys factor [146] g = (A\/wp)?. The question which remains is whether these
side-bands can be observed in the differential conductance, when the coupling
to all electrons in the leads should be taken into account simultaneously. New
theoretical treatments were presented recently in Refs. [74] [75] [76] 8] [99] 82]
941 147, 1611 162, (63, (64, [70] [73, [78, 79, 180, 92, 87, [90} 91} B8, 89, [93]. In parallel,

the theory of inelastic resonant tunneling in scanning tunneling spectroscopy

was developed [148], 149, 56], 57, [71l [72]. For a recent review of the electron-
vibron problem and its relation to charge transport at the molecular scale

see Ref. [99].

Many interesting results by the investigation of quantum transport in the
strong electron-vibron coupling limit has been achieved with the help of the
master equation approach [63, [73, 87, [90, [O1]. This method, however, is valid
only in the limit of very weak molecule-to-lead coupling and neglects all
spectral effects, which are the most important at finite coupling to the leads.

4.2.1 Nonequilibrium Dyson-Keldysh method
(i) The model electron-vibron Hamiltonian

We use the minimal transport model described in the previous sections. For
convenience, we present the Hamiltonian here once more. The full Hamilto-
nian is the sum of the molecular Hamiltonian H M, the Hamiltonians of the
leads H R(L), the tunneling Hamiltonian Hr describing the molecule-to-lead
coupling, the vibron Hamiltonian Hy including electron-vibron interaction
and coupling of vibrations to the environment (describing dissipation of vi-
brons) R R R R R R
H=Hy+Hy+H,+Hr+ Hr. (405)

A molecule is described by a set of localized states |a) with energies e,
and inter-orbital overlap integrals ¢,3 by the following model Hamiltonian:



90 D. A. Ryndyk, R. Gutiérrez, B. Song, and G. Cuniberti

7 (0
H](w) = Z (€ + epa(t d1L do, + Z taﬁd dg. (406)
o B

Vibrations and the electron-vibron coupling are described by the Hamil-

tonian [74) [75, [76, [04] (h =1)

Hy = quaj;aq + Z Z X g(a, + al)dldg. (407)
q af g

Here vibrations are considered as localized phonons and ¢ is an index la-
beling them, not the wave-vector. The first term describes free vibrons with
the energy wy. The second term represents the electron-vibron interaction.
We include both diagonal coupling, which describes a change of the electro-
static energy with the distance between atoms, and the off-diagonal coupling,
which describes the dependence of the matrix elements ¢,z over the distance
between atoms.
The Hamiltonians of the right (R) and left (L) leads read

Hi_r(ry = Z(Eiko + €01)Chi it (408)
ko

©;i(t) are the electrical potentials of the leads. Finally, the tunneling Hamil-

tonian
ity = 3 3 (Vikrachipda +hic.) (409)

i=L,R ko,

describes the hopping between the leads and the molecule. A direct hopping
between two leads is neglected.

(ii) Keldysh-Dyson equations and self-energies

We use the nonequilibrium Green function (NGF) method, as introduced in
Section IIT. The current in the left (i = L) or right (i = R) contact to the
molecule is described by the expression

ie [ de
Ji—L,rR = 7 %Tr {Fi(f — ep;) (G<(f) + fio(f —ep;) [GR(E) - GA(G)])} )
(410)
where f?(e) is the equilibrium Fermi distribution function with chemical po-
tential u;, and the level-width function is

Ti—r(ry(€) = Liap(e) = QWZ Viko,8Viko.a0(€ = €iko)-

The lesser (retarded advanced) Green function matrix of a nonequilibrium

G<(R A)

molecule G<(£ can be found from the Dyson-Keldysh equations
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in the integral form

GT(e) = G{i(€) + G ()2 ()G (e), (411)

G<(e) = GR()Z<()GA(e), (412)

or from the corresponding equations in the differential form (see e.g. Refs. [82]
[94] and references therein).
Here

2R7< 257<(T) + 22)<(T) + 2R=<(V) (413)

is the total self-energy of the molecule composed of the tunneling (coupling
to the left and right leads) self-energies

R,<(T R,<(T * s
B0 = 2 S VG e} (1)
ko

and the vibronic self-energy L/<(V) = Zf;(v).

For the retarded tunneling self-energy Zf(T) one obtains

SED (¢) = Ai(e - epr) — =

i 2I‘i(€— egpi), (415)

where A; is the real part of the self-energy, which usually can be included in
the single-particle Hamiltonian ﬁl(\g), and I'; describes level broadening due

to coupling to the leads. For the corresponding lesser function one finds
270(e) = iTi(e — epi) f (e — epi). (416)

In the standard self-consistent Born approximation, using the Keldysh
technique, one obtains for the vibronic self-energies [73] [74] [75] [76] [78] [79]

99, 94]

) d
=) =23 / & (MIGE MIDE +
Vs
q

+MIGE MDJ, —2Df _(MITr [GSM]), (417)
dw

2<WM(e) =i —MIGS MDD 418

=iy o —w Y (418)

q

where GK = 2G<+Gf—-GA is the Keldysh Green function, and M? = Mgﬁ.
If vibrons are noninteracting, in equilibrium, and non-dissipative, then the
vibronic Green functions write:
1 1
w—wy+i0t  w+w, 410’

D (q,w) = (419)
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DO< (q,w) = — 2mi [(f]%(wq) + 1)6(‘U + Wq) + f% (Wq)(s(w - wq)] ) (420)

where the equilibrium Bose distribution function is

1

0 S 421
In the Migdal model the retarded vibron function is calculated from the

Dyson-Keldysh equation

2wy

DFE =

(422)

where IT(g,w) is the polarization operator (boson self-energy). The equation
for the lesser function (quantum kinetic equation in the integral form) is

(k- mt)og, — (DR, — D)1z, = o, (423)

this equation in the stationary case considered here is algebraic in the fre-
quency domain.

The polarization operator is the sum of two parts, environmental and
electronic: I1[5< = =) sy,

The environmental equilibrium part of the polarization operator can be
approximated by the simple expressions

7 .
HR(e“V)(q,w) = —§7qs1gn(w), (424)

H<(cnv) (q7 w) — —i'yqu (w)sign(w), (425)

where 7, is the vibronic dissipation rate, and f%(w) is the equilibrium Bose-
Einstein distribution function.

The electronic contribution to the polarization operator within the SCBA
is

d
TR (g,) = i [ $9T8 (MIGEMIGE, + MIGEMIGE.),  (426)

™

< (g, w) = —i / ;l—eTr (MIGEMIG_). (427)

™

We obtained the full set of equations, which can be used for numerical
calculations.
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4.2.2 Single-level model: spectroscopy of vibrons

The isolated single-level electron-vibron model is described by the Hamilto-
nian

EIM+V = (eo + egoo)de +woata+ A (aT + a) dtd, (428)

where the first and the second terms describe the free electron state and the
free vibron, and the third term is electron-vibron minimal coupling interac-
tion.

The electrical potential of the molecule ¢y plays an important role in
transport at finite voltages. It describes the shift of the molecular level by
the bias voltage, which is divided between the left lead (tip), the right lead
(substrate), and the molecule as o = ¢r + n(pr — ¢r) [I50]. We assume
the simplest linear dependence of the molecular potential (n = const), but
its nonlinear dependence [I51] can be easily included in our model.

Here we assume, that the vibrons are in equilibrium and are not excited
by the current, so that the self-consistent Born approximation is a good
starting point. The vibron Green function are assumed to be equilibrium
with the broadening defined by the external thermal bath, see for details
Refs. [75] [78] [79] 99| ©04].

For the single-level model all equations are significantly simplified. Com-
bining J;, and Jg the expression for the current can be written for energy
independent I';(g) (wide-band limit) as

7= 5 [ aea(©) [~ o) = e o] . (129)

It looks as simple as the Landauer-Biittiker formula, but it is not trivial,
because the spectral density A(e) = —2ImG#(¢) now depends on the distri-

Fig. 29 (Color online) Spectral function at different electron-vibron couplings: A/wg = 0.4
(black), A/wo = 1.2 (blue, dashed), and A\/wo = 2 (red); at €g/wo = 5, I'r, /wo = I'r/wo =
0.1. In the insert the spectral function at A/wo = 1.2 is shown at finite voltage, when the
level is partially filled. Energies are in units of hwo.
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Voltage

Fig. 30 Differential conductance of a symmetric junction (n = 0.5, I'r = I'1,) at different
molecule-to-lead coupling, from I'r, /wo = 0.1 (lower curve) to I'r /wo = 10 (upper curve),
A wo =1, €9/wo = 2. Voltage is in the units of hiwg/e.

bution function of the electrons in the fluctuating molecule and hence the
applied voltage, p;, = —¢r = V/2 [82]. Indeed, GF(¢) can be found from

01
1

R _
G7(e) = €—¢& — XRV)(e)+i(I +Tr)/2’

(430)

where £7(V)(¢) is a functional of the electron distribution function inside
a molecule. Actually, the lesser function G<(e) is used in the quantum ki-
netic formalism as a distribution function. In the single-level case the usual
distribution function can be introduced through the relation

G<(e) = iA(e)f(e). (431)

Note the essential difference between symmetric (I', = I'r) and asymmet-
ric junctions. It is clear from the noninteracting solution of the transport
problem. Neglecting for a moment the vibron self-energies, we obtain the
noninteracting distribution function

fo) = TLifle—eon) + Tnfie — epn)
; FL+FR

. (432)

For strongly asymmetric junctions (e.g. I', < I'r) the distribution function
remains close to the equilibrium function in the right lead fl%(e —epR), thus
essentially simplifying the solution. While for symmetric junctions the dis-
tribution function has the double-step form and is very different from the
equilibrium one.

A typical example of the spectral function at zero voltage is shown in
Fig. At finite voltage it should be calculated self-consistently. In the insert
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0.12

Fig. 31 Differential conductance of an asymmetric junction (n = 0, I'r = 20[7) at
different molecule-to-lead coupling, from I'r/wo = 0.2 (lower curve) to I'r/wo = 4 (upper
curve), A/wg = 2, €g/wo = 5. The voltage is in the units of hwg/e

the spectral function of the symmetric junction at finite voltage is shown, it
is changed essentially because the distribution function is changed.

Let us discuss a general picture of the vibronic transport in symmetric
and asymmetric single-molecule junctions, provided in experiments with the
molecular bridges and STM-to-molecule junctions, respectively. The differen-
tial conductance, calculated at different molecule-to-lead coupling, is shown
in Fig. BU (symmetric) and Fig. BIl (asymmetric). At weak coupling, the vi-
bronic side-band peaks are observed, reproducing the corresponding peaks in
the spectral function. At strong couplings the broadening of the electronic
state hides the side-bands, and new features become visible. In the symmet-
ric junction, a suppression of the conductance at V' ~ +hw, takes place as
a result of inelastic scattering of the coherently transformed from the left
lead to the right lead electrons. In the asymmetric junction (Fig. Bl), the
usual IETS increasing of the conductance is observed at a negative voltage
V =~ —hwy, this feature is weak and can be observed only in the incoherent
tail of the resonant conductance. We conclude, that the vibronic contribu-
tion to the conductance can be distinguished clearly in both coherent and
tunneling limits.

Now let us discuss the particular situation of STS experiments [32] [33] [35]
[36]. Here we concentrate mainly on the dependence on the tip-to-molecule dis-
tance [33]. When the tip (left lead in our notations) is far from the molecule,
the junction is strongly asymmetric: I, < I'r and n — 0, and the con-
ductance is similar to that shown in Fig.BIl When the tip is close to the
molecule, the junction is approximately symmetric: I';, =~ I'r and n = 0.5,
and the conductance curve is of the type shown in Fig.B0l We calculated the
transformation of the conductance from the asymmetric to symmetric case
(Fig. B2). It is one new feature appeared in asymmetric case due to the fact
that we started from a finite parameter n = 0.2 (in the Fig.BIln = 0), namely
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di/dV

Voltage

Fig. 32 (Color) Differential conductance at different molecule-to-STM coupling (see the
text), from asymmetric junction with I'r, /wg = 0.025, I'r/wo = 0.5 and n = 0.2 (lower
curve, blue thick line) to symmetric junction with I'L /wo = I'r/wo = 0.5 and n = 0.5
(upper curve, red thick line), A/wo = 1, €9/wo = 2. Voltage is in the units of hwp/e

a single peak at negative voltages, which is shifted to smaller voltage in the
symmetric junction. The form and behavior of this peak is in agreement with
experimental results [33].

In conclusion, at weak molecule-to-lead (tip, substrate) coupling the usual
vibronic side-band peaks in the differential conductance are observed; at
stronger coupling to the leads (broadening) these peaks are transformed into
step-like features. A vibronic-induced decreasing of the conductance with
voltage is observed in high-conductance junctions. The usual IETS feature
(increasing of the conductance) can be observed only in the case of low off-
resonant conductance. By changing independently the bias voltage and the
tip position, it is possible to determine the energy of molecular orbitals and
the spectrum of molecular vibrations. In the multi-level systems with strong
electron-electron interaction further effects, such as Coulomb blockade and
Kondo effect, could dominate over the physics which we address here; these
effects have to be included in a subsequent step.

4.2.3 Multi-level model: nonequilibrium vibrons

Basically there are two main nonequilibrium effects: the electronic spectrum
modification and excitation of vibrons (quantum vibrations). In the weak
electron-vibron coupling case the spectrum modification is usually small
(which is dependent, however, on the vibron dissipation rate, temperature,
etc.) and the main possible nonequilibrium effect is the excitation of vibrons
at finite voltages. We have developed an analytical theory for this case [94].
This theory is based on the self-consistent Born approximation (SCBA),
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which allows to take easily into account and calculate nonequilibrium dis-
tribution functions of electrons and vibrons.

If the mechanical degrees of freedom are coupled strongly to the envi-
ronment (dissipative vibron), then the dissipation of molecular vibrations is
determined by the environment. However, if the coupling of vibrations to the
leads is weak, we should consider the case when the vibrations are excited by
the current flowing through a molecule, and the dissipation of vibrations is
also determined essentially by the coupling to the electrons. Here , we show
that the effects of vibron emission and vibronic instability are important
especially in the case of electron-vibron resonance.

We simplify the equations and obtain some analytical results in the wi-
bronic quasiparticle approximation, which assumes weak electron-vibron cou-
pling limit and weak external dissipation of vibrons:

Vi =1yg — 2ImIT " (wg) < w. (433)

So that the spectral function of vibrons can be approximated by the Dirac 9,
and the lesser function reads

D=(g,w) = —2mi [(Ng + 1)d(w + wq) + Ned(w — wg)], (434)

where Ny is (nonequilibrium) number of vibrations in the g-th mode. So, in
this approximation the spectrum modification of vibrons is not taken into ac-
count, but the possible excitation of vibrations is described by the nonequilib-
rium Ny . The dissipation of vibrons is neglected in the spectral function, but is
taken into account later in the kinetic equation for N,. A similar approach to
the single-level problem was considered recently in [56, 57, [7T] [72] [73], (78] [79).
The more general case with broadened equilibrium vibron spectral function
seems to be not very interesting, because in this case vibrons are not ex-
cited. Nevertheless, in the numerical calculation it can be easy taken into
consideration.
From the general quantum kinetic equation for vibrons, we obtain in this

limit
’qug — ImIT<(wq)

Vg — 2ImIT R (wg)

This expression describes the number of vibrons NN, in a nonequilibrium
state, Ng = f9(wy) is the equilibrium number of vibrons. In the linear ap-
proximation the polarization operator is independent of Ny and —2ImIT%(w,)
describes additional dissipation. Note that in equilibrium N, = N, (9 because
Im /T < (wq) = 2ImIT R (w,) f%(w,). See also detailed discussion of vibron emis-
sion and absorption rates in Refs. [56] 57 [71] [72].

For weak electron-vibron coupling the number of vibrons is close to equilib-
rium and is changed because of vibron emission by nonequilibrium electrons,
Ny is roughly proportional to the number of such electrons, and the distri-
bution function of nonequilibrium electrons is not change essentially by the

N, = (435)
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interaction with vibrons (perturbation theory can be used). The situation
changes, however, if nonequilibrium dissipation —2ImIT#(w,) is negative. In
this case the number of vibrons can be essentially larger than in the equi-
librium case (vibronic instability), and the change of electron distribution
function should be taken into account self-consistently.

In the stationary state the nonlinear dissipation rate

Vg =Yg~ 2ImI7" (wg) (436)

is positive, but the nonequilibrium contribution to dissipation —2ImIT%(w,)
remains negative.

Additionally to the vibronic quasiparticle approximation, the electronic
quasiparticle approximation can be used when the coupling to the leads is
weak. In this case the lesser function can be parameterized through the num-

ber of electrons F), in the eigenstates of the noninteracting molecular Hamil-
tonian H 1(\2)
: -1
Gig=1Y AaySynFyS, 1, (437)
1

we introduce the unitary matrix S, which transfer the Hamiltonian H =

H](\%ﬁ into the diagonal form H = S™1HS, so that the spectral function of
this diagonal Hamiltonian is

Asy(€) = 2m8(e — &5)dsy, (438)

where €5 are the eigenenergies.
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Fig. 33 (Color) Vibronic emission in the symmetric multilevel model: voltage-current
curve, differential conductance, and the number of excited vibrons in the off-resonant
(triangles) and resonant (crosses) cases (details see in the text).
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Note that in the calculation of the self-energies and polarization operators
we can not use d-approximation for the spectral function (this is too rough
and results in the absence of interaction out of the exact electron-vibron
resonance). So that in the calculation we use actually (@37) with broad-
ened equilibrium spectral function. This approximation can be systematically
improved by including nonequilibrium corrections to the spectral function,
which are important near the resonance. It is important to comment that
for stronger electron-vibron coupling vibronic side-bands are observed in the
spectral function and voltage-current curves at energies €; + nwgy, we do not
consider these effects in the rest of our paper and concentrate on resonance
effects.

After correspondingly calculations we obtain finally

_ Y9Ny — > s Fins (wq) By (Fs — 1)
Vg = Dops Fins(wWe) (Fy — Fs)

where coefficients x,s are determined by the spectral function and electron-
vibron coupling in the diagonal representation

N, (439)

de ~. - -

Kins(wq) = %MgéAM(E - wq)MgnAm,(e), (440)

B annfgn+fRnnf1%n+an {Cr;sngNq—l—C;%ng(l—l—Nq)} (441)
fL,m+me+an [47;;1(1—F5+Nq)+<,;"(F5+Nq)}

Gt = M5 Ass (& £ wg) My, (442)

here finn and flon are the level width matrix in the diagonal representation
and Fermi function at energy €, — ey;.

These kinetic equations are similar to the usual golden rule equations, but
are more general.

Now let us consider several examples of vibron emission and vibronic in-
stability.

First we consider the most simple case, when the instability is not possible
and only vibron emission takes place. This corresponds to a negative imagi-
nary part of the electronic polarization operator: ImIT%) (wg) < 0. From the
Eq. (@40) one can see that for any two levels with the energies €, > €&; the
coeflicient ks is larger than rs,, because the spectral function /155(6) has
a maximum at € = &. The contribution of k,s(wq)(F, — Fs) is negative if
F,, < Fs. This takes place in equilibrium, and in nonequilibrium for trans-
port through symmetric molecules, when higher energy levels are populated
after lower levels. The example of such a system is shown in Fig.33l Here
we consider a simple three-level system (é; = 1, é&; = 2, €3 = 3) coupled
symmetrically to the leads (I, = I'r, = 0.01). The current-voltage curve
is the same with and without vibrations in the case of symmetrical coupling
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Fig. 34 (Color) Vibronic instability in an asymmetric multilevel model: voltage-current
curve, differential conductance, and the number of excited vibrons (crosses). Dashed line
show the voltage-current curve without vibrons (details see in the text).
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Fig. 35 (Color) Floating level resonance: voltage-current curve and the number of excited
vibrons (crosses). Dashed line show the voltage-current curve without vibrons (details see
in the text).

to the leads and in the weak electron-vibron coupling limit (if we neglect
change of the spectral function). The figure shows how vibrons are excited,
the number of vibrons Ny in the mode with frequency wy is presented in two
cases. In the off-resonant case (green triangles) Ny is very small comparing
with the resonant case (wg = € — €1, red crosses, the vertical scale is changed
for the off-resonant points). In fact, if the number of vibrons is very large, the
spectral function and voltage-current curve are changed. We shall consider
this in a separate publication.

Now let us consider the situation when the imaginary part of the electronic
polarization operator can be positive: ImIT*(w,) > 0. Above we considered
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the normal case when the population of higher energy levels is smaller than
lower levels. The opposite case F, > F} is known as inversion in laser physics.
Such a state is unstable if the total dissipation v, (#3€]) is negative, which is
possible only in the nonstationary case. As a result of the instability, a large
number of vibrons is excited, and in the stationary state v, is positive. This
effect can be observed for transport through asymmetric molecules, when
higher energy levels are populated before lower levels. The example of a such
system is shown in Fig.B4l It is the same three-level system as before, but
the first and second levels are coupled not symmetrically to the leads (I'1 =
0.001, I'ry = 0.1, I'a = 0.1, I'ge = 0.001). The vibron couple resonantly
these levels (wy = € — €;). The result is qualitatively different from the
symmetrical case. The voltage-current curve is now asymmetric, a large step
corresponds to the resonant level with inverted population.

Note the importance of the off-diagonal electron-vibron coupling for the
resonant effects. If the matrix M in the eigen-state representation is diagonal,
there is no resonant coupling between different electronic states.

Finally, let us consider the important case, when initially symmetric
molecule becomes asymmetric when the external voltage is applied. The rea-
son for such asymmetry is simply that in the external electric field left and
right atoms feel different electrical potentials and the position of the levels
€a = 6&0) + ey, is changed (float) with the external voltage. The example of
a such system is shown in Fig.[B5l Here we consider a two-level system, one
level is coupled electrostatically to the left lead €; o ¢, the other level to the
right lead €2 o< R, the tunneling coupling to the leads also is not symmetri-
cal (I'1 = 0.1, I'yy = 0.001, I'te = 0.001, I'gy = 0.1). The frequency of the
vibration, coupling these two states, is wg = 1. When we sweep the voltage,
a peak in the voltage-current curve is observed when the energy difference
€1 — €3 x €V is going through the resonance €, — €2 ~ wy.
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4.3 Coupling to a vibrational contiuum: dissipation
and renormalization

4.3.1 The model Hamiltonian

In the previous section we have dealt with a simple, but nevertheless phys-
ically rich, model describing the interaction of an electronic level with some
specific vibrational mode confined to the quantum dot. We have seen how
to apply in this case the Keldysh non-equilibrium techniques described in
Section III within the self-consistent Born and Migdal approximations. The
latter are however appropriate for the weak coupling limit to the vibrational
degrees of freedom. In the opposite case of strong coupling, different tech-
niques must be applied. For equilibrium problems, unitary transformations
combined with variational approaches can be used, in non-equilibrium only
recently some attempts were made to deal with the problem. [92]

In this section we will consider the case of a multi-level electronic system
in interaction with a bosonic bath [83] [84]. We will use unitary transforma-
tion techniques to deal with the problem, but will only focus on the low-bias
transport, so that strong non-equilibrium effects can be disregarded. Our in-
terest is to explore how the qualitative low-energy properties of the electronic
system are modified by the interaction with the bosonic bath. We will see that
the existence of a continuum of vibrational excitations (up to some cut-off fre-
quency) dramatically changes the analytic properties of the electronic Green
function and may lead in some limiting cases to a qualitative modification
of the low-energy electronic spectrum. As a result, the I-V characteristics at
low bias may display “metallic” behavior (finite current) even if the isolated
electronic system does exhibit a band gap. The model to be discussed below
has been motivated by the very exciting electrical transport measurements
on short poly(dG)-poly(dC) DNA molecular wires carried out at the group
of N. Tao some time ago [50]. Peculiar in these experiments was the large
measured currents -up to 150 nA at 0.8 V- at low voltages, which stood in
strong contrast to the usually accepted view that DNA should behave as an
insulator at low applied bias. Further, a power-law length scaling of the linear
conductance with increasing wire length was demonstrated, indicating that
long-range charge transport was possible. Since the experiments were carried
out in an aqueous solution, the possibility of a solvent-induced modification
of the low-energy transport properties of the wire lied at hand, although
additional factors like internal vibrations could also play a role.

The proposed model is based on an earlier work [I52] and assumes, within
a minimal tight-binding picture, that the DNA electronic states can be quali-
tatively classified into extended (conducting) and localized (non-conducting)
states. The former may correspond e.g. to the m-orbital stack of the base
pairs, the latter to energetically deeper lying (w.r.t. the frontier orbitals)
base-pair states or sugar-phosphate backbone states. A further assumption is
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Fig. 36 (Color) Schematic drawing of a DNA molecular wire in contact with a dissipative
environment. The central chain (extended states) with N sites is connected to semiinfinite
left (L) and right (R) electronic reservoirs. The bath only interacts with the side chain
sites (c), which we call for simplicity backbone sites, but which collectively stay for non-
conducting, localized electronic states. The Hamiltonian associated with this model is given

by Egs. (@43)), (@44), and {@ZE5) in the main text.

that any modification of the conducting states through the environment only
takes place through a coupling to the non-conducting set. The tight-binding
electronic Hamiltonian for NV sites can then be written as (see also Fig. [30):

Hel = € Zb;bj =1 Z |:b;—bj+1 + H.C.} + GZC;Cj
J J J

0y [b}cj + H.c.} =He + Hp + Ho. (443)
J

Hereby Hc and Hyp are the Hamiltonians of the extended and localized
states (called in what follows “backbone” states for simplicity), respectively,
and Hc.p is the coupling between them. 7 and ¢, are hopping integrals
along the central chain (extended states) and between the localized states
and the central chain, respectively. If not stated otherwise, the on-site ener-
gies will be later set equal to zero to simplify the calculations. Notice that
this model displays a gap in the electronic spectrum roughly proportional to
the transversal coupling ¢, . This can be easely seen by looking at the limit
N — oo which leads to a periodic system. In this case, the Hamiltonian can
be analytically diagonalized and two energy dispersion curves are obtained,

which are given by Ey (k) = t) cos(k) £/t +¢] cos?(k). The direct gap

between the two bands is simply 6§ = 2, /t3 + tﬁ. Since this model further

shows electron-hole symmetry, two electronic manifolds (bands in the limit
of N — o0) containing N states each, are symmetrically situated around the
Fermi level, which is taken as the zero of energy.

The gap is obviously temperature independent and furthermore it is ex-
pected that transport at energies £ < § will be strongly suppressed due to



104 D. A. Ryndyk, R. Gutiérrez, B. Song, and G. Cuniberti

the absence of electronic states to suport charge propagation. As a result,
the linear conductance should display a strong exponential dependence as a
function of the chain length N. In view of this behavior, an immediate issue
that arises is how stable this electronic structure, i.e. two electronic manifolds
separated by a gap, is against the coupling to an environment. This is an issue
which reaches farther than the problem of charge transport in DNA wires,
since it addresses the interaction of an open quantum mechanical system with
a countable number of electronic energy levels to a continuum of states (“uni-
verse”). A generic example of such a situation is the measurement process in
quantum mechanics. It is well-known that the interaction with complex envi-
ronments is a source of dissipation and decoherence in quantum mechanical
systems. [I53] Concerning more specifically the case of DNA (and proteins),
there is broad experimental evidence that the molecule dynamics follows the
solvent dynamics over a broad temperature range. Especially, conformational
changes, low-energy vibrational excitations and the corresponding tempera-
ture dependences turn out to be very sensitive to the solvents dynamics. [154]
We will thus consider the vibrational degrees of freedom of counterions and
hydration shells of the solvent as a dynamical bath able to break the elec-
tronic phase coherence and additionally to act as a dissipative environment.
We do not consider specific features of the environment but represent it in a
generic way by a bosonic bath of M harmonic oscillators. Then, the previous
Hamiltonian can be extended to:

Hw =Ha+ Y _ 2aBiBa+>  Aaclej(Ba+ Bl) = Ha+Hp+Hep, (444)

a,j

where Hp and H.p are the phonon bath Hamiltonian and the (localized)
state-bath interaction, respectively. B, is a bath phonon operator and A,
denotes the electron-phonon coupling. Note that we assume a local coupling
of the bath modes to the electronic density at the side chain. Later on, the
thermodynamic limit (M — oo) in the bath degrees of freedom will be carried
out and the corresponding bath spectral density introduced, so that at this
stage we do not need to further specify the set of bath frequencies (2, and
coupling constants A,. Obviously, the bath can be assumed to be in thermal
equilibrium and be described by a canonical partition function.

To complete the formulation of the model, we have to include the inter-
action of the system with electronic reservoirs in order to describe charge
transport along the same lines as before. We assume, as usual, a tunnel-type
Hamiltonian with the form:

H=Hw+ Y  exwdi,deo+ > (Veady, b +He)
kel,R,o0 keLl,o

+ Z (Vka d;r{g by + H.C.) = Hw + HL/R + Hi-c + Hr.c. (445)
keR,o
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The Hamiltonian of Eq. (@4H]) is the starting point of our investigation.
For a weak charge-bath coupling, a perturbative approach similar to the
second order Born approximation, as described in the previous section can be
applied. We expect, however, qualitative new effects rather in the opposite
limit of strong coupling to the bath. To deal with this problem, a unitary
transformation, the Lang-Firsov (LF) transformation, can be performed on
the Hamiltonian of Eq. (4H), which allows to eliminate the linear charge-
vibron interaction H..p. In the limiting case of an isolated system with a
single electron (or hole) this transformation becomes exact and allows for a
full decoupling of electronic and vibronic propagators, see e.g. Ref. [124]. In
the present case, this transformation is not exact and further approximations
have to be introduced in order to make the problem tractable.

The generator of the LF transformation is given by

S = 3"/ Ru)cles (B — BY)

a,j

and ST = —S. In the transformed Hamiltonian H = e“He ~° the linear
coupling to the bath is eliminated. One should notice that in H only the
“backbone” part of the Hamiltonian is modified since the conducting state
operators by as well as the lead operators di, are invariant with respect to
the above transformation. The new Hamiltonian reads:

H=Hc + HL/R + Hp + HL/R—C +(e—4) ZC}C]‘ —t Z {b;CjX + H.c.|,
J J

X = exp

3 2 (Ba - BL)

[e3

)\2
VeSS Q—z (446)

As a result of the LF we get a shift of the onsite energies (polaron shift
or reorganization energy in electron transfer theory) and a renormalization
of both the tunneling and of the transversal coupling Hamiltonian via the
bosonic operators X. There is also an additional electron-electron interaction
term which we will not be concerned with in the remaining of this section and
is thus omitted. Since we are mainly interested in qualitative statements, we
will assume the wide-band approximation in the coupling to the electrodes
which is equivalent to substituting the electrode self-energies by a purely
imaginary constant, i.e. X1, g & —i 17, . We are thus not interested in specific
features of the electrode electronic structure.

To further proceed, let us now introduce two kinds of retarded thermal
Green functions related to the central chain G, (t) and to the “backbones”
Pjo(t), respectively (taking i = 1):
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Gjelt,t') = —iO(t — ') <[bj (1), 0} (¢)] > , (447)
Jr
Piu(t,t') = —iO(t — ') <[cj (OX(E), ¢} (¢) X1 (1) +> ,

where @ is the Heaviside function. Notice that the P-Green function doe not
have a pure electronic character but also contains the bath operators X. For
a full out-of-equilibrium calculation, the full Keldysh formalism including
lesser- and greater-GF would also be needed. However, as we will briefly
show below, the final expression for the electrical current at low applied
voltages and for small transversal coupling ¢; will only include the retarded
propagators.

We now use the equation of motion technique (EOM) to obtain an expres-
sion for the GF Gj(t). We first remark that in the time domain two EOM
can be written, depending on which time argument in the double-time GF
the time derivative will act. One thus obtains in general:

10,G(t,¢) = ([b(2), b1 ()], ) 0 — ¢) + ([b(e), H] ' (1))).
G(t, ) [=i00] = ([b(6), 1 (1)] , ) 8t = ) = ()] [b'(¢), H])),

The EOM for the GF G,(t) reads then in the energy space:

S (6o (B)],, Gy (B) = 84 — 1 ((erX181) (448)
[Gal(E)} "= (E — €)0ne +t)|(6n o401 + 0ne—1) — DLoe10n1 — TrOenOnn
Vi F | .
keL(R)

In the next step, EOM for the “right” time argument ¢’ of the GF
Zgg (t, t/)((Cg(t)X(t”b; (t'))) can be written. This leads to:

S ZE(B) (G (B)],,,; = ~tu((eeX]clXT) = ~t Piy(E)  (449)

Inserting Eq. (@49) into Eq. (48) we arrive at the matrix equation:
G(E) = Go(E) + Go(E)Zp(E)Go(E),

which can be transformed into a Dyson-like equation when introducing the
irreducible part g(E) = T (E) + I (E)Go(E) I (E) +

G(E) = Go(B) + Go(E) S (E)G(E), (450)
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or equivalently:

“
5
I

Gy '(E) -1 P(E) (451)
Gy (E) = E1 — Hc — YL(E) — XR(E).

Sir(E) = t2 P(E) is the crucial contribution to the GF since it contains
the influence of the bosonic bath. Note that £EF(E) includes the transversal
hopping ¢, to all orders, the leading one being ¢2 .

In the next step, an expression for the electrical current flowing through
the system must be derived. Using the results of Sec. 2, we can directly write
the following expression:

- 2; dE Tr(fL(E) — fr(E)) H(E)

+ti%/dE ([ P - P7]— (L < R)}. (452)

The first summand has the same form as Landauer’s expression for the cur-
rent with an effective transmission function ¢(E) = Tr[G'Tr GT'r]. However,
the reader should keep in mind that the GFs appearing in this expression do
contain the full dressing by the bosonic bath and hence, ¢(E) does not de-
scribe elastic transport. The remaining terms contain explicitly contributions
from the bath. It can be shown after some transformations that the leading
term is proportional to (tﬁ_)2 so that within a perturbative approach in ¢
and at low bias it can be approximately neglected. We therefore remian with
the exression I = 2¢ [ dE Tr(fL(E) — fr(E)) t(E) to obtain the current.

To remain consistent with this approximation, the bath selfenergy should
also be treated to order ti, more explicitly:

ng( t") = ((ce(t)X ()lc (t’)XT(t’)))
ot — 1) <0g )> X(1)X <c;(t’)0g(t)><Xf(t');c(t)>}
~ —id0(t — ¢) { {e; (O] (1) ><X >+<c}(t')cj(t)><Xf(t/))c(t)>}
= —i00(t — t')e i { e P 4 fo=? t>} (453)

In the previous expression we have replaced the full averages of the “back-
bone” operators by their zero order values (free propagators). e ~?() =
<X(t)2k”r (O)>B is a dynamical bath correlation function to be specified later
on. The average () is performed over the bath degrees of freedom. f is the
Fermi function at the backbone sites. In what follows we consider the case of
empty sites by setting fo = 0. The Fourier transform Pp;(E) reads then:
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Py(E) = ~id / dt et EHODE D (1 f)e =70 4 fo~#()]

0
(454)
In order to get closed expressions for the bath thermal averages it is ap-
propriate to introduce a bath spectral density [153] defined by :

Jw) =3 26w - 2) = Jo(wi)se*w/%e(w), (455)

C

where w, is a cut-off frequency related to the bath memory time 7. ~ w_ 1.

It is easy to show that the limit w. — oo corresponds to a Markovian bath,
i.e. J(t) ~ Joo(t). Using this Ansatz, &(t) can be written as:

I R (%)) Ciwt ol —coswt
@(t) = ‘/O dw w2 |:1 — € + 2W . (456)

Although the integral can be performed analytically [I53], we consider ®(t)
in some limiting cases where it is easier to work directly with Eq. ([@56]).

4.3.2 Limiting cases

We use now the results of the foregoing section to discuss the electronic
transport properties of our model in some limiting cases for which analytic
expressions can be derived. We will discuss the mean-field approximation
and the weak-coupling regime in the electron-bath interaction as well as to
elaborate on the strong-coupling limit. Farther, the cases of ohmic (s = 1)
and superohmic (s = 3) spectral densities are treated.

(i) Mean-field approximation

The mean-field approximation is the simplest one and neglects bath fluc-
tuations contained in P(E). The MFA can be introduced by writing the
phonon operator X as (X)g + 6X in Hoe in Eq. @8), ie. HYY =

—t1; [b;cj (X)g + H.c.} + O(6X). As a result a real, static and tempera-
ture dependent term in Eq. (@51) is found:

) ) ()5
GTU(B) = Gl (B) B, (457)

where [(X)g]* = e ~2%(T) and x(T) is given by:

w
2kpT"

K(T) = /000 d—wJ(w) coth

=~ (458)
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Fig. 37 (Color) Electronic transmission and corresponding current in the mean-field ap-
proximation for two different temperatures. Parameters: N = 20, Jo/we = 0~12,f¢/tu =
0.5, FL/R/tH =0.5.

The effect of the MF term is thus to scale the bare transversal hopping ¢
by the exponential temperature dependent factor e ~#(T),

In the case of an ohmic bath, s = 1, the integrand in x(7T') scales as
1/wP, p=1,2 and has thus a logarithmic divergence at the lower integration
limit. Thus, the MF contribution would vanish. In other words, no gap would
exist on this approximation level.

In the superohmic case (s = 3) all integrals are regular. One obtains
A= [dww tJ(w) =I'(s—1)Jy = 2Jy, with I'(s) being the Gamma function
and x(T) reads:

K(T) = 2Jo [2 (kBT)2 (u (2, k5T> - 11 . (459)

wC C C

Cu(s,z) = >0 o(n+ 2)~* is the Hurwitz (-function, a generalization of the
Riemann (-function. [I55]

It follows from Eq. (17) that x(T") behaves like a constant for low tem-
peratures (kgT/we < 1), k(T) ~ Jy/we, while it scales linear with T" in the
high-temperature limit (kgT'/we > 1), K(T) ~ Jo/we(1 + 2ksT/w.)).

For Jy # 0 and at zero temperature the hopping integral is roughly reduced
tot e - which is similar to the renormalization of the hopping in Holstein’s
polaron model [I56], though here it is ¢, rather than #; the term that is
rescaled. At high temperatures ¢, is further reduced (k(T) ~ T) so that
the gap in the electronic spectrum finally collapses and the system becomes
“metallic”, see Fig. B7 An appreciable temperature dependence can only be
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Fig. 38 (Color) Electronic transmission and corresponding current in the weak-coupling

limit with ohmic dissipation (s = 1) in the bath. Parameters: N = 20, Jo/wec = 0.2,t /t|| =
0.6, FL/R/tH =0.5

observed in the limit Jy/w. < 1; otherwise the gap would collapse already
at zero temperature due to the exponential dependence on Jy. We further
remark that the MFA is only valid in this regime (Jp/w. < 1), since for
Jo/we > 1 multiphonon processes in the bath, which are not considered in the
MFA, become increasingly relevant and thus a neglection of bath fluctuations
is not possible.

(ii) Beyond MF: weak-coupling limit

As a first step beyond the mean-field approach let’s first consider the weak-
coupling limit in P(E). For Jy/w. < 1 and not too high temperatures
(kgT/we < 1) the main contribution to the integral in Eq. (Z56) comes from
long times ¢ > w;!. With the change of variables z = wt, ®(t) can be written
as:

oo
&(t) = Jowgstlfs/ dz 2572 ~wet
0

. 1—
x (1 —e it 4 2%) . (460)

efwet —1

As far as wct > [w, this can be simplified to:



Green function techniques in the treatment of quantum transport 111
o0
~ —sy1—s s—2, —
&(t) = Jow; °t / dzz°"%e @t
0

. L 1—
X <1—e12+2ﬁiﬂ>. (461)
wet z

Since in the long-time limit the low-frequency bath modes are giving the
most important contribution we may expect some qualitative differences in
the ohmic and superohmic regimes. For s = 1 we obtain @(t) ~ Wi—(i kf—cT(th)
which leads to (A(s =1) = Jy):

1
G Y E)=G Y E) -+t
(E) o (F) LE+Jo+i7rj—gchT

1, (462)
i.e. there is only a pure imaginary contribution from the bath. For the sim-
ple case of N = 1 (a two-states model) one can easily see that the gap
approximately scales as +/kpT; thus it grows with increasing temperature.
This is shown in Fig. B8 where we also see that the intensity of the trans-
mission resonances strongly goes down with increasing temperature. The gap
enhancement is induced by the suppression of the transmission peaks of the
frontier orbitals, i. e. those closest to the Fermi energy.

For s = 3 and kgT'/w. < 1, &(t) takes a nearly temperature independent

value proportional to Jp/w.. As a result the gap is slightly reduced (¢, —
tie o/ “e) but, because of the weak-coupling condition, the effect is rather
small.
From this discussion we can conclude that in the weak-coupling limit ohmic
dissipation in the bath induces an enhancement of the electronic gap while
superohmic dissipation does not appreciably affect it. In the high-temperature
limit kgT/w. > 1 a short-time expansion can be performed which yields
similar results to those of the strong-coupling limit (see next section), [157]
so that we do not need to discuss them here. Note farther that the gap
obtained in the weak-coupling limit is an “intrinsic” property of the electronic
system; it is only quantitatively modified by the interaction with the bath
degrees of freedom. We thus trivially expect a strong exponential dependence
of t(E = Ew), typical of virtual tunneling through a gap. Indeed, we find
t(E = Bp) ~exp (=B L) with 3 ~2 -3 A1

(iii) Beyond MF: strong coupling limit (SCL)

In this section we elaborate on the strong-coupling regime, as defined by the
condition Jy/w. > 1. In the SCL the main contribution to the time integral
in Eq. (@50) arises from short times. Hence a short-time expansion of @(t)
may already give reasonable results and it allows, additionally, to find an
analytical expression for P(E). At ¢t < w_ ! we find,
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Fig. 39 (Color) Temperature dependence of the real and imaginary parts of P(E) for
N =20, Jo/we = 10,t /t;| = 0.4, I1,/r/t|| = 0.5. With increasing temperature the slope
of the real part near EF = 0 decreases and the imaginary part broadens and loses intensity.
A similar qualitative dependence on Jy was found (not shown).

D(t) ~iAt + (wet)? ko(T) (463)
Pj(E) = —1dq; /OO dt e (B—e+i0)t o —(wet)?ro(T)
0

VT 1 ox _(E—e-i—iO‘“)2
2 wer/ko(T) p( dwgko(T) )

. . s A4
><<1+erf M )7

2wer/ko(T)
1 o0
ko(T) = m/o dwJ(w) coth

Before presenting the results for the electronic transmission, it is useful
to first consider the dependence of the real and imaginary parts of P(F)
on temperature and on the reduced coupling constant Jy/w.. Both functions
are shown in Fig. We see that around the Fermi level at £ = 0 the
real part is approximately linear, Re P(E) ~ E while the imaginary part
shows a Lorentzian-like behavior. The imaginary part loses intensity and
becomes broadened with increasing temperature or Jp, while the slope in
the real part decreases when kT or Jy are increased. If we neglect for the
moment the imaginary part (the dissipative influence of the bath), we can
understand the consequences of the real part being nonzero around the Fermi
energy, i.e. in the gap region of the model of Ref. [I52]. The solutions of the
non-linear equation det|(E — ¢2 Re P(E))1 — Hc| = 0 give the new poles

= —1dy

w

2kpT"
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Fig. 40 (Color) Upper panel: t(E) with Im P(E) = 0; the intensity of the resonances on
the central narrow band is strongly dependent on Jo/w. and kg7 (not shown). Temper-
ature dependence of ¢(F) with full inclusion of P(FE) (middle panel) and corresponding
current (lower panel) for N = 20, Jo/we = 5,t /t)| = 0.5,I1,/r/t| = 0.2. The pseudo-gap
increases with temperature.

of the Green function of the system in presence of the phonon bath. For
comparison, the equation determining the eigenstates without the bath is
simply det|(E —2 /E)1—"Hc| = 0. It is just the 1/F dependence near F = 0
that induces the appearance of two electronic bands of states separated by a
gap. In our present study, however, Re P(E — 0) has no singular behavior
and additional poles of the Green function may be expected to appear in the
low-energy sector. This is indeed the case, as shown in Fig. A0 (upper panel).
We find a third band of states around the Fermi energy, which we may call
a polaronic band because it results from the strong interaction between an
electron and the bath modes. The intensity of this band as well as its band
width strongly depend on temperature and on Jy. When kgT (or Jp) become
large enough, these states spread out and eventually merge with the two other
side bands. This would result in a transmission spectrum similar of a gapless
system.

This picture is nevertheless not complete since the imaginary component
of P(FE) has been neglected. Its inclusion leads to a dramatic modification
of the spectrum, as shown in Fig. (middle panel). We now only see two
bands separated by a gap which basically resembles the semiconducting-type
behavior of the original model. The origin of this gap or rather pseudo-gap
(see below) is however quite different. It turns out that the imaginary part
of P(E), being peaked around E = 0, strongly suppresses the transmission
resonances belonging to the third band. Additionally, the frontier orbitals
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Fig. 41 (Color) Upper panel: Arrhenius plot for ¢(Er). Parameters: N = 20, ¢ =
0.6eV, ty /t)| = 0.2, I1,/r/t)| = 0.3. Middle and lower panels: Length dependence of ¢(Er)
at different temperatures for two different strengths of the electron-bath coupling Jo/we.
The electronic coupling parameters are the same as in the upper panel.

on the side bands, i.e. orbitals closest to the gap region, are also strongly
damped, this effect becoming stronger with increasing temperature (Im P(E)
broadens). This latter effect has some similarities with the previously dis-
cussed weak-coupling regime. Note, however, that the new electronic mani-
fold around the Fermi energy does not appear in the weak-coupling regime.
We further stress that the density of states around the Fermi level is not ex-
actly zero (hence the term pseudo-gap); the states on the polaronic manifold,
although strongly damped, contribute nevertheless with a finite temperature
dependent background to the transmission. As a result, with increasing tem-
perature, a crossover from “semiconducting” to “metallic” behavior in the
low-voltage region of the I-V characteristics takes place, see Fig. (lower
panel). The slope in the I-V plot becomes larger when ¢, is reduced, since
the side bands approach each other and the effect of Im P(F) is reinforced.

In Fig. A (top panel) an Arrhenius plot of the transmission at the Fermi
energy is shown, which suggests that activated transport is the physical mech-
anism for propagation at low energies. Increasing the coupling to the phonon
bath makes the suppression of the polaronic band around E = 0 less effective
(Im P(E ~ 0) decreases) so that the density of states around this energy be-
comes larger. Hence the absolute value of the transmission will also increase.
On the other side, increasing ¢, leads to a reduction of the transmission at
the Fermi level, since the energetic separation of the side bands increases
with tL.
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A controversial issue in transport through molecular wires is the actual
length dependence of the electron transfer rates or correspondingly, of the
linear conductance. This is specially critical in the case of DNA nanowires
[158] 159, [160]. Different functional dependences have been found in charge
transfer experiments ranging from strong exponential behavior related to su-
perexchange mediated electron transfer [T59] to algebraic dependences typical
of thermal activated hopping [I58] [I60]. As far as transport experiments are
concerned, the previously mentioned experiments at the group of N. Tao [50]
reported an algebraic length dependence of the conductance for poly(GC)
oligomers in solution. We have investigated the length dependence of t(Fr)
and found for the strong dissipative regime Jy/w, > 1, an exponential law for
energies close to Er, t(Er) ~ exp(—yN). At the first sight, this might be not
surprising since a gap in the spectrum does exist. Indeed, in the absence of
the bath, i.e. with an intrinsic gap, we get decay lengths 7con of the order of
2 A However, as soon as the interaction with the bath is included, we find
values of v much smaller than expected for virtual tunneling, ranging from
015A" to 0.4A", Additionally, v is strongly dependent on the strength
of the electron-bath coupling Jy/w. as well as on temperature; v is reduced
when Jy/w,. or kT increases, since in both cases the density of states within
the pseudo-gap increases. Remarkably, a further increase of the electron-bath
coupling eventually leads to an algebraic length dependence, see lower panel
of Fig. El

The studies presented in this section indicate that the presence of a com-
plex environment, which induces decoherence and dissipation, can dramat-
ically modify the electronic response of a nanowire coupled to electrodes.
Electron transport on the low-energy sector of the transmission spectrum is
supported by the formation of (virtual) polaronic states. Though strongly
damped, these states manifest nonetheless with a finite density of states in-
side the bandgap and mediate thermally activated transport.
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5 Conclusions and Perspectives

We have reviewed the method of nonequilibrium Green functions and few se-
lected applications to problems related with charge transport at the molecular
scale. Hereby we have only focused on minimal model Hamiltonian formula-
tions which build a very appropriate starting point to illustrate the power and
range of validity of such techniques. We have showed how this approach can
be used to deal with a variety of physical systems, covering both noninter-
acting and interacting cases. Thus, so different issues as coherent transport,
Coulomb blockade phenomena, charge-vibron interaction, coupling to dissi-
pative environments, and the Kondo effect (not addressed in this review)
can be in principle treated on the same footing. Specially, the existence of
well-developed diagrammatic techniques allows for a systematic treatment
of interactions in nanoscale quantum systems. For the sake of space, we
did not deal with applications of NGF techniques to spin-dependent trans-
port [I611 162, [05], a field that has been increasingly attracting the attention
of the physical community in the past years due to its potential applica-
tions in quantum information theory and quantum computation [163, [164].
For the same reason, the implementation of NGF into first-principle based
approaches was not discussed neither [86] 165, 166, 74, [65] [60 T67]. This is
nevertheless a crucial methodological issue, since system-specific and realis-
tic information about molecule-metal contact details, charge transfer effects,
modifications of the molecular electronic structure and configuration upon
contacting, the electrostatic potential distribution in a device, etc can only
be obtained via a full ab initio description of transport. For charge trans-
port through noninteracting systems this has been accomplished some years
ago by combining NGF with DFT methods [166, [65], 167, [77]. The inclusion
of interactions, however, represents a much stronger challenge and has been
mainly carried out, within the self-consistent Born-approximation, for the
case of tunneling charges coupling to vibrational excitations in the molecu-
lar region [4, [168, [O7]. Much harder and till the present not achieved at all
is the inclusion of electronic correlation effects -responsible for many-particle
effects like Coulomb blockade or the Kondo effect- in a non-equilibrium trans-
port situation. DFT-based techniques, being essentially mean-field theories,
cannot deal in a straightforward way with such problems and have to be im-
proved, e.g. within the LDA+U approaches [169]. For the case of equilibrium
transport, a generalization of the Landauer formula including correlations has
been recently formulated [86] as well as first attempts to go beyond the linear
response regime [170]; for strong out-of-equilibrium situations this will be, in
our view, one of the most demanding issues that the theoretical “transport”
community will be facing in the coming years.
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